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Abstract

Diatoms are important primary producers not onlytha oceans but also in the freshwater
environment. The efficiency of biomass formatiomosgly depends on the metabolic
regulation of carbon and nutrient assimilation. &#ctudies have given evidence that many
metabolic regulations are quite different from gremlgae and higher plants. The major
known differences concern the following processds: pigment biosynthesis, (2) light-
harvesting organisation, (3) mechanism of photemtatn, (4) regulation of photosynthetic
electron flow, (5) regulation of the enzyme adtivin the Calvin-Benson cycle, (6)
photorespiration, (7) carbon aquisition and,@0Oncentrating mechanisms, (8) synthesis and
breakdown of storage products under starvationn@®jent uptake (9) adaptation to extreme
environments. This review summarises these difftemphenomenologically and presents the
actual knowledge of the underlying mechanisms. dValability of whole genome sequence
data is an important basis to learn in more déwaw photosynthesis in these tremendously

successful primary producers is regulated.
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Abbreviations: ACCase: acetyl-CoA-carboxylad&Pase: ADP-glucose pyrophosphorylase;
AMT; ammonium transporter family; Ax: Antheraxanthi CA: carboanhydrase; Car:
carotenoid; CCM: carbon concentrating mechanism|: C€hlorophyll; CP: chlorophyll
protein, DDE: Diadinoxanthin-De-epoxidase; DEP: tDianthin-Epoxidase; Ddx:
diadinoxanthin; DPOR: light-independent NADP:prdtlmcophyllide oxidoreductase; Dtx:
diatoxanthin; EPS: extracellular polymeric subsémd¢-CP: fucoxanthin-chlorophyll-protein;
FBA: Fructose-bisphosphate; FBPase: Fructosebipplatgse; FTR: Ferredoxin-thioredoxin-
reductase; GAP-DH: glyceraldehyde-dehydrogenase;C:LHight-harvesting complex;
MGDG: Monogalactosyldiacylglycerate; NPQ: non-plabtemical quenching; NR: nitrate
reductase; OPP: oxidative pentosephosphate cyeRCPphosphorenolpyruvate carboxylase;
PEPCK: phosphoenolpyruvate carboxykinase; PHOXal@& phosphatase; PPDK: pyruvate
orthophosphate dikinase; PRK: PhosphoribulokinB§g; plastoquinone; PSI: photosystem |,
PSIl:  photosystem |lI; ROS: reactive oxygen speci&BPase: Seduheptulose-1,7-
bisphosphatase; TR: thioredoxin; XC: xanthophyltley VDE: Violaxanthin-De-epoxidase;

VX: violaxanthin; Zx: zeaxanthin; ZEP: zeaxanthporidase.



Introduction

Diatoms are the major players in the biochemicalesyof carbon, nitrogen, phosphorus and
silicon with a strong impact on global climate woly in the ocean but also in the freshwater
environment. In the ocean they tend to dominatethgoplankton assemblage under nutrient
rich conditions, whereas in the freshwater ecosystieigh turbulence and the combination of
low temperature/high nutrient favour diatom blooguimheir fascinating biodiversity with
approximately 10,000 species has been recentlyntarally revised giving evidence that
the diatoms form two clades: the Coscinodiscopleagdand the Bacillariophytina, the latter
containing two subclades Bacillariophyceae and llgliyceae; all the more this tremendous
species diversity evolved during the last 250 Md #@ere is no phylogenetic group in which
the evolutionary rate occurred faster (Medlin araskmnarska 2004). Therefore, the diatoms
can be considered as one of the most successtuhdaxc groups with respect to evolution
and ecology. The genetic and physiological basiy diatoms became such ecologically
successful careerists is still a matter of debate.

The recently published genome Tfalassiosira pseudonana (Armbrust et al. 2004) and the
EST sequence data available fr@maeodactylum tricornutum (Maheswari et al. 2005) have
opened new perspectives in diatom research to stashel in more detail their physiological
peculiarities. The metabolism in oxygenic photolr®plepends on gene expression processes
coordinated between the three different compartsetite nucleus, the plastid and the
mitochondrion. Diatoms originate from a secondangasymbiotic event (see Figure 1) as
opposed to the primary endosymbiotic origin of thehloroplastida” including the
Charophyta, Chlorodendrales, Chlorophyiiesostigma and Prasinophytae as defined in Adl
et al. (2005).

There is convincing evidence that the ancestralotiaderived from a putatively non-

photosynthetic eukaryote which domesticated a sukiarcell phylogenetically close to a red



alga: this “red line phylogenetics is clearly a Wwor progress” (Palmer 2003), because we do
neither know the nature of the secondary host riatler all “chromophytes” originate from
one single endocytobiotic event (Patron et al. 203&ne analyses based on whole genome
sequencing off. pseudonana showed that the diatom genome contains about 80@ips
which align with proteins of animals but do not bBatitomologues in the genome of
Arabidopsis thaliana and the red alg&yanidioschyzon merolae (Armbrust et al 2004). This
suggests that in diatoms the cytosolic metabolithways might be closer related to an
animal-like than to a plant-like cell, which woulae likely to affect the physiological
regulation of photosynthesis. Looking at the olbga intracellular gene transfer in
chromophytic phototrophs from the vanishing nucletithe endosymbiont to the nucleus of
the secondary host cell, various genes for protaimslved in photosynthesis had to be
integrated into the new, more animal-like nucleliserefore, we have to expect a different
pattern in the nucleome-chondriome-plastome intemaevith the consequence that metabolic
pathways related to these compartments had betporldlat the respective genes had been
transferred to the nucleus of the secondary endosym Therefore, the plastid had to
develop completely new interaction pattern with desetic partners. This regulatory network
in diatoms is not yet understood.

The stabilisation of a secondary endosymbiosis raitl only require the development of
protein targeting from the cytosol into the plastalossing four membranes (Kilian and Kroth
2004), but also required a signal exchange in ¢herse direction from the organelle to the
nucleus. In the last few years it has been showgréen cells that photosynthesis-related
nuclear genes are under chloroplast redox contypolabnew class of plastid signals
(Goldschmidt-Clermont 1998). The sensor for thignal is the redox state of the
plastoquinone pool which depends on the relatitiwigcof photosystem Il and photosystem
I. However, the redox state of the chloroplast does only depend on membrane-bound

reactions, but also on the oxidative state of tthenga being under control of the system
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including thioredoxin (TR), gluthathione, ascorbated their related metabolizing enzymes.
Although the biochemical nature of this retrogragignalling is still not identified, the
importance of this redox-controlled nuclear genpresgsion has recently been shown by Fey
et al. (2005) demonstrating that this signal triggéhe whole cellular network of gene
expression. This retrograde plastid to nucleusadiigng must be basically different in green
algae and diatoms because of two reasons. HRistcdoperating nuclei are of different
phylogenetic origin and second the redox controjri@en algae and diatoms is found to be
basically different as outlined below (see chapseasnd 6 below)

However we do not know, what had been the consegsenf the secondary endocytobiosis
on the metabolic regulations and if the physiolagjgeculiarities of diatoms observed in the
past reflect this different host-endosymbiont tielaghip. Here in this review we concentrate
on cell functions which clearly separate the diaophysiologically from algae of the
chloroplastidic lineage.

- The thylakoid membranes in diatoms are arrangedraups of three and are not
differentiated into grana/stroma lamellae (Owen88lBerkaloff et al. 1990) having
consequences not only for the PSII/PSI ratio, tbgulation of the wavelength-
dependent energy distribution between both photesysvia so-called state 1-state 2
transitions but also for the redox signalling (Owé986).

- The light-harvesting proteins of diatoms are ndtedentiated into minor and major
complexes and the protein domains which trigger brame stacking in
Chloroplastida by modulation of phosphorylation dot exist (Larkum and Vesk
2003, Westermann and Rhiel 2005).

- In Chloroplastida photoprotection is supported Pgliag of xanthophylls bound to
the minor antenna proteins in the presence of aeiaparoteins encoded by the psbS

gene. In diatoms xanthophylls even more contribbotthe photoprotection, however,



in the genome ofl. pseudonana neither a psbS gene nor genes encoding for minor
light-harvesting units could be identified.

Diatoms lack thex-carotene pathway with the consequence that phateegirve and
light-harvesting pigments are synthesized on thmesaetabolic branch asking for
quite intelligent mechanisms of regulation (Lohdafilhelm 1999)

In contrast to Chloroplastida metabolic activityyamg dark periods leads to enhanced
reduction state of the plastoquinone pool whichdsompanied by the build-up of a
proton gradient strong enough to drive the de-egaiion reaction of xanthophyll
cycle pigments (Jakob et al. 1999). Here againrttpact of unusual redox control of
gene expression is obvious.

In chloroplasts of the Chloroplastida the activitiy enzymes of the photosynthetic
dark reactions is regulated by light via the redtate of thiolgroups. There is now
evidence that in diatoms the Calvin cycle is cdigtbby a different mechanism and
that the oxidative pentose phosphate cycle is restgmt (Michels et al. 2005).

It has been observed that inhibitory effects ofhhigpncentration of oxygen/low
concentration of C@on photosynthetic activity are less pronouncediaoms than in
green algae (Beardall 1989). This has been disdusdée light of an active transport
and accumulation of inorganic carbon within thel ¢Bleardall 1989) and the C4
fixation metabolism in diatoms (Reinfelder et aD04). However, some crucial
plastid-localised enzymes being prerequisites i tietabolic pathway could not be
identified in the diatom genome.

The metabolic carbon flow in diatom photorespinati® not yet elucidated. However,
there is clear evidence that in diatoms the pheforatory carbon flux is not coupled
to the nitrogen flux as in the typical carbon-otida cycle in green algae.

Surprisingly, the genome analysis Tofpseudonana has evidenced that in contrast to



green algae the diatoms possess a complete seinet dor a functional urea cycle
(Armbrust et al. 2004). In this context it might beteworthy that the genes encoding
for the enzymes for 3-oxidation and catalase cbalfound in the genome (Armbrust
et al. 2004), however, it is not yet clear if thehway is located in the peroxisome.

- Diatoms synthesize as energy storage productsslimdd the (3-1,3 glycan
chrysolaminarin. In contrast to starch the R3-polych@es not form crystals. In green
algae the carbon storage product starch indudkesicking, whereas in diatoms the
storage product lipid can increase the cell’s bnoya

- Julie please check, see reviewer commebDiatoms have the ability to adapt their
Fe:C ratio in a wide range indicating that the rheliam can specificylly adopt to iron
limitation (LaRoche et al. 1996). Recent data frgemome sequence analysis gave
evidence for the existence of a complete set of-hifjnity uptake transporters in
diatoms.

- Diatoms can grow in sea ice forming a biomass up0@0 g chlorophyll per litre, a
value which is reached only in hypertrophic watersin extremely eutrophicated
sediments (Thomas and Dieckmann 2002). The moleanid physiological reasons
for significant growth at @ and survival at temperatures below gDare still a

matter of debate (Mock and Valentin 2004).

In this paper we concentrate on genes and functidnesh are involved in the energy flow

from light to biomass known to be different betwettatoms and green algae and discuss

these pecularities in the light of the recentlyanted full genome information

1. Biosynthesis of photosynthetic pigments



The first step in the conversion of light into biass is the capture of light energy by
pigments. In Chloroplastida , the Cldsandb are the major light-harvesting pigments. The
carotenoids lutein, neoxanthin, violaxanthin (Vxhdap-carotene contribute to light-
harvesting only to a limited extend, while theirimé&unction is photoprotection (Bassi and
Caffarri 2000). In diatoms, CHd is replaced by-type Chls, which lack the aliphatic phytol
side chain and thus are much more polar. In gendraioms contain two different Clal
species, Cht; and Chlic, (Jeffrey 1989). However, a survey of 51 diatonaiss showed that
in some diatoms Cht, is substituted by Chd; while in rare cases even all three Clpecies
are present (Stauber and Jeffrey 1988).

With respect to carotenoids, diatoms contain omgnthophylls which are derived froft
carotene, they are not capable of making carotenaith e-ionon rings likea-carotene or
lutein (Pennington et al. 1988). The dominant aaroid and major light-harvesting-
xanthophyll in diatoms is fucoxanthin, which is chaerised by an allenic group at one end
and a keto group near the other end of the ceistwalenoid chain (see Fig. 2 and 3). Other
carotenoids present in significant amounts Buearotene and the acetylenic xanthophylls
diadinoxanthin (Ddx) and diatoxanthin (Dtx) (Staulaed Jeffrey 1988; Pennington et al.
1988), which constitute the major xanthophyll cyicleliatoms (see below).

The presence of Cll and (-carotene is shared by all photosynthetic eukasyaad
cyanobacteria, implying that the general biosyn¢thg@athways were inherited from the
cyanobacterial ancestor of all extant plastids.Chloroplastida , the biochemistry and
molecular genetics of the biosynthetic pathwaysditegato the formation of Chls (as reviewed
in Beale 1999; Vavilin and Vermaas, 2002; Eckhatdal. 2004) and carotenoids (see, e.g.,
Cunningham and Gantt 1998; Hirschberg 2001) hawn lextensively studied, and genes
have been identified for most of the enzymes kndavibbe directly involved. With a few

exceptions all the biosynthetic proteins are nulencoded and contain presequences that



target them to the plastids. Recently, the genofmthe green alga. reinhardti has been
analysed in detail for the presence of respectoradiogues (Grossman et al. 2004; Lohr et
al. 2005).

For diatoms, biochemical data on enzymatic reastieading to the formation of Chls and
carotenoids are limited. I8 costatatum, the activity of 5-aminolevulinic acid dehydratdsses
been examined (Owens et al. 1978), and some stadigse turnover of Chls were conducted
in both S costatum (Riper et al. 1979) an@. weissflogii (Goericke and Welschmeyer 1992b).
For the biosynthesis of thetype Chls, only hypothetical pathways have beap@sed so
far. Chlc, may be formed from divinyl-protochlorophyllide logsaturation of the propionic
acid side chain at ring D, while Ctl could result from the same desaturation reactign b
using protochlorophyllide as substrate. Ghlandc, might be interconvertible by reversible
saturation of the vinyl group at ring B of Ghl(Porra 1997; Beale 1999; see also Figure. 2).
Like Chloroplastida, the chromophyte algae appearuse the plastid-localised methyl-
erythritol-phosphate (MEP) pathway - also known depxy-xylulose-phosphate (DOXP)
pathway - for formation of carotenoids as well as phytol moiety of Chl a., as has been
demonstrated for the chrysophydehromonas danica (Dish et al. 1998). In case of diatoms,
this has been confirmed only for phytol (C¢epnd Rohmer 2000; Massé et al. 2004;
carotenoids were not investigated in these studieabpeling kinetics of carotenoids in
T. weissflogii suggested that Ddx is a precursor of fucoxantGioeficke and Welschmeyer
1992b). Therefore, unlike Chloroplastida, diatonas atilize part of the photoprotective
xanthophyll-cycle pigments which accumulate undghight conditions for the formation
of the major light-harvesting xanthophyll fucoxanthn subsequent low light (Lohr and
Wilhelm 1999). This was corroborated by analysethefpigment conversion kinetics in two
other diatomsP. tricornutum and C. meneghiniana, which also implied that Vx and Ax are
intermediates in the formation of Ddx and fucoxamtfiLohr and Wilhelm 1999; 2001).

However, large discrepancies between measured agdma kinetics of thylakoid-localised
10



Zx and those inferred from a mathematical desanptf pigment biosynthesis under steady-
state conditions suggested, that diatoms may [iseyptoxanthin instead of Zx as
intermediate in the formation of Vx fronf3-carotene. Alternatively, the observed
inconsistencies may be explained by a fast epawridaif Zx in the envelope membranes,
possibly by an enzyme which is different from thglakoid-associated epoxidase (Lohr and
Wilhelm 2001)

In the recently published genome sequencd .gfseudonana, genes predicted to encode
homologues of most of the enzymes known to bectiyrenvolved in the biosynthesis of
Chls and carotenoids in Chloroplastida are pre@agtre 2 and Table 1; see also Table S3 in
Armbrust et al. 2004). Only the CHL27 protein, whicecently has been identified as a
subunit of the Mg-protoporphyrin IX monomethylestrclase (reviewed in Berthold and
Stenmark 2003) has no potential homolog in theeriirgenome version &f. pseudonana.
CHL27 is nucleus-encoded in vascular plants aneérgadgae, but encoded on the plastid
genome in red algae (Lohr et al. 2005). Since we &iled to detect sequences encoding a
CHL27 homolog on the plastomes Bfpseudonana and Odontella sinensis, diatoms might
utilize an unrelated enzyme to form the isocydlgof their Chls.

The protoporphyrin IX Mg-chelatase subunit CHLIeiscoded on the plastid genome of the
diatomsO. sinensis (Kowallik et al. 1995) and. pseudonana (Armbrust et al. 2004) as is the
case for green algae (with the exceptioiCofeinhardtii), glaucophytes, red algae, and other
heterokont algae examined so far (Valentin et 8081 Lohr et al. 2005), whereas it is
nucleus-encoded in vascular plants. In green algasses and gymnosperms, the only other
plastome-encoded proteins involved in the biosysithef Chls are the subunits of the light—
independent protochlorophyllide oxidoreductase (Bfpamely chiB, chlL and chIN, while
angiosperms have lost these genes (Porra 1997¢ BO8&B). The plastome of the red alga

Porphyra purpurea also harbours thehlB, chlL and chIN genes (Reith and Munholland
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1993). However, the plastid genome of another rgd, &yanidioschyzon merolae only
encodes chINGIlockner et al. 2000) while those G¥anidium caldarium (Ohta et al. 2003)
andGracilaria tenuistipitata (Hagopian et al. 2004) lost all three genes. AIacaldarium
andG. tenuistipitata, no homologues afhIBNL are present on the plastomesfsinensis
andT. pseudonana, and the nuclear genome of the latter also comtaingenes with similarity
to the known DPOR-subunits. Nonetheless, obsemnstan transformants of the diatom
P. tricornutum which were able to grow heterotrophically suggbst the algae are able to
synthezise Ché not only in light but also in the dark (Zaslavskat al. 2001). This implies
that diatoms might contain another light-independerotochlorophyllide oxidoreductase
which is unrelated to DPOR. Such a proposal hs beste in case of angiosperms previously
(Adamson et al. 2000).

Finally, the genome of. pseudonana harbours putative isogenes for a number of enzgmat
steps in both pigment pathways which are potetdrglets for further studies. Concerning the
biosynthesis of Chis (Table 1; see also Lohr e2@D5), the genome contains multiple genes
for uroporhyrinogen 11l decarboxylase, coproporhggen Il oxidase, the Mg-chelatase
subunit CHLH, the recently discovered divinyl-prcitorophyllide reductase (Nagata et al.
2005), and the light-dependent NADP:protochlorofpigl oxidoreductase. The presence of
two closely related copies for divinyl-protochlohyflide reductase is of particular interest,
because one (or both) isozyme(s) may be involved amdy in reduction of divinyl-
protochlorophyllidea but also in formation of Cld; from Chlic; (Figure 2).

In the biosynthetic pathway of carotenoids, putatisozymes are present for isopentenyl
diphosphate isomerase (IDI), phytoene synthase YPBNytoene desaturase (PDS) and
Zx/Dtx epoxidase (ZEP/DEP). Here, the occurrencpadéntial ZEP isozymes is particularly
remarkable, because this may be related to theeabmntioned inconsistencies between
measured and calculated epoxidation rates of Zkr(aad Wilhelm 2001). One ZEP isozyme

might localize to the thylakoid membranes and velved in the xanthophyll cycle, while the
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other could be situated at the envelope membraieslatter enzyme then might be mainly
involved in a linear pathway of de-novo biosyntkesi xanthophylls.

To explore the significance of the putative isozgma T. pseudonana, their catalytic
function, differential expression and cellular Ibzation will have to be examined. Moreover,
the genes / proteins responsible for biosynthdsikenc-type Chls and those involved in the

late steps of xanthophyll formation in diatoms renta be discovered.

2. Light-harvesting organisation

Higher plants and green algae are the organismsevimirinsic light-harvesting systems
(LHC) are most extensively studied. Functionayo tgroups of these pigmented, membrane
intrinsic proteins can be distinguished: proteies/mg as antenna for PS | or Il, encoded by
Ihca genes or byhcb genes, respectively. The major LHC, LHCII, is teinc and mainly
associated with PS II. The minor LHCs, located lose vicinity to the PS Il core, are
monomeric. Antennae specific for PSI, LHCI, assamhto heterodimers and are found at
one side of the PS | core. The supramolecular geraent of antenna proteins and PSs has
been studied extensively by e.g. electron microgcmgyvealing a clear picture not only of the
spatial distribution of proteins but also of theéynamic (for review see Dekker and Boekema
2005). In diatoms, thylakoid membrane arrangemdfferd significantly from that in
Chloroplastida, because the differentiation into P8ch grana and PS I-rich stroma
thylakoids is completely lacking (Owens 1988). &ast, thylakoids run the whole length of
the plastids in bands of three thylakoids eachramdegregation of PSs could be detected so
far. In addition, no special PS | or PS Il antenoald be found (Berkaloff et al. 1990; Brown

1988; Owens and Wold 1986).

Despite these differences in the organisation gakoid assembly, light-harvesting systems
in diatoms are also membrane intrinsic protein®ifTtpigmentation differs considerably and
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thus the absorption capabilities, which have a majtuence on photosynthetic performance
in different environments (See chapter 3). In funtkin-binding proteins (FCP) Chl b is
replaced by Chl c, a chlorophyll lacking the alipbighytol side chain and thus being much
more polar. Additionally, the major carotenoid isbxanthin, a carotenoid characterised by a
keto group at the isoprenoid chain responsible floe quite unigue spectroscopic
characteristics only resembled by those of pemd{found e.g. in dinophytes). One of these
features includes an extreme bathochromic shifibsforbance upon up to 60 nm by binding
to the protein, thus being responsible for the braelour of the antenna proteins and the
cells as such. Another, yet unexplained differeheaveen LHCs and FCPs concerns the
stoichiometry of the pigments. Whereas LHC bindrfeore Chl than carotenoid, e.g. 14 Chl
and only 4 Car in the case of LHCII, in FCP the @hCar ratio is almost one (Papagiannakis
et al. 2005). Early sequencing of cDNA clones & thajor genes for these antenna$.in
tricornutum and Cyclotella cryptica found some homology to the LHCII of higher plants,
placing these proteins into the same family (Bhayjd Grossman 1993; Eppard and Rhiel
1998). From the sequence three membrane spanniliceshevere predicted, whereby
homology to LHC is mainly found in helix 1 and 3ei&rally, FCPs are smaller in size (18-

22 kDa) compared to higher plant LHC, mainly dushorter loops and termini.

Although no specialised antenna for either PS Il arould be identified biochemically in
diatoms so far, some information is available difedent genes for FCPs due to the recent
efforts in sequencing. In summary, three groupshmEuistinguished: One group represents
the major FCP in diatoms and is closest relateB@®&s in nearby algal groups, e.g. brown
alga (Green 2003):cpl-5 in C. cryptica andfcpA-F in P. tricornutum belong to these genes.
The second group of FCP genes is closely relatédet@ne intrinsic light-harvesting protein
in red algaelhca, and to membrane intrinsic antenna in cryptophyiesmember of this group

was first detected b¢ppard and Rhiel (199&) C. cryptica (fcp4) and later also found in the
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T. pseudonana genome (Armbrust et al. 2004)he last major group is related to a protein
found inC. reinhardtii but not in higher plants: a light inducible membéthe LHC family,
LI818. InC. cryptica, fcp 6, 7 and12 belong to this group (Green 2003). In hdricornutum
EST data bank sequences representing this typ€Bfdan also be found (data not shown)

and they are also present in the genomE p$seudonana (Armbrust et al. 2004).

Despite this detailed knowledge about genes and rilation to other genes from the LHC
family, biochemical information on FCPs is scardanajor obstacle might be the instability
in the presence of most detergents. In additiofferent FCPs show high similarity
concerning size, sequence and (probably) pigmentafihis makes the separation of the
different proteins extremely difficult. Indeed, up now two distinguishable FCPs were
isolated only in one case from the same organi€nmeneghiniana (Bichel 2003).
Interestingly, the oligomeric state differed: th@ KDa proteins (belonging to the group of
major FCPs according to their molecular weighteadsed into trimers, whereas the 19 kDa
subunits where arranged in stable higher oligom&gskDa proteins inC. meneghiniana
could be either products d€p5 (major FCP) or thdcp6/7 genes (LI818 clade). As no

sequencing of the isolated proteins was undertakenproblem remains unresolved.

One of the most interesting question concerningtdigarvesting systems is the mechanism
and efficiency of excitation energy transfer. Testlnd, various spectroscopic methods were
applied to higher plant LHCs, ranging from steathtesspectroscopy to transient data in the
femto second range, yielding a detailed picturehef excitation energy transfer in these
complexes. Additionally, mutation of the pigmennding sites helped to attribute spectral
features to certain pigments (Rogl et al. 2002)stRexaminations based on femto second
absorption transients of FCPs were published rgc@Papagiannakis et al. 2005). These data

not only helped to understand the special spefdedlires of fucoxanthin bound to the protein
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but also lead to the development of a preliminamacstural model, based on sequence

comparison as well as spectroscopy (Figure 3).

Pigments bound to antenna proteins primarily séregunction of light-harvesting, however,
protection against a surplus of light is anothde arried out by those proteins (see chapter
4). There was a long debate where the pigmentsrgoihg conversion are located and how
psbS, a member of the LHC superfamily predictedawee four helices, is involved. Diatoms
posses two xanthophylls cycles, the prominent amesisting of Ddx and Dtx. The overall
amount of these pigments is highly variable witlture conditions and an enrichment of the
FCP fractions in Ddx irP. tricornutum could be observed under intermittent light regime
(Lavaud et al. 2003). Additionally, the fucoxanthanChl ratio was decreased in these FCPs.
Whether this is due to some replacement of fucdwarity Ddx in the same protein or by a
change in expression level of a (still to be id#ed) special Ddx binding FCP has to be

elucidated.

To answer questions about the excitation energygtea, not only spectroscopic data but also
high resolution structural data are needed, esibpeaibout the arrangement of pigments and
thus the orientation of their dipole transition nenh In higher plants, X-ray crystallography
has revealed the molecular structure of the LHGhwiear atomic resolution, showing the
precise location of the protein scaffold as welkasry pigment (Liu et al. 2004; Standfuss et
al. 2005. Comparable data are completely lacking for FCHasveral types of FCP are

encoded in the genome but could not be separatethdmically so far. Thus, spectroscopic
data as well as a real molecular model of theseem®are still missing, hampering a detailed

understanding of light harvesting capabilities iatams.

3. Mechanism of photoprotection
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The photosynthetic efficiency and subsequently petdity strongly depend on the
light environment which can be highly variable iquatic ecosystems due to water motions
and optical properties (Fogg 1991; Macintyre et28l00; Lichtman and Klausmeir. 2001).
Fluctuating irradiances and especially excessightliexposure can be harmful for
photosynthesis, in particular to PS Il decreasing fithess of photosynthetic organisms
(Kalheilm et al. 2002). In order to cope with fluating light, diatoms have evolved various
mechanisms ensuring photoprotection of their phuotibetic apparatus. The two most
important processes for rapid (seconds to tensimfites) regulation of a switch from a light-
harvesting to a photoprotecting state are (Lavaudale2002a,c; 2004): 1) the non-
photochemical fluorescence quenching (NPQ), 2)iegcbf electrons around PS Il and or
PSI. These two mechanisms allow PSII to dissipately excessively absorbed light energy
during a sudden increase in the incident intenaitg prolonged exposure to an irradiance
which is higher than the capacity of the dark neast Diatoms show a higher amplitude for
PS 1l cycling of electrons and for NPQ in companiso Chloroplastida (Lavaud et al. 2002a;
c; Ruban et al. 2004). This has been observedvieralediatom species from both freshwater

and marine habitats (see Lavaud et al. 2002a, @00«itations therein).

In Chloroplastida, where the NPQ mechanism eldimdas a longstanding topic of
interest, several regulatory components are nege$sathe NPQ to develop, including a
transthylakoid proton gradienApH), de-epoxidized forms of xanthophylls synthedisga a
xanthophyll cycle (XC), and PsbS, a LHC type pmot@tolt et al. 2004). Although diatoms
share common components, they show some intrigp@ugliarities pointing out to a quite
different mechanistic NPQ model (Ruban et al. 206#¥t, diatoms have a very special LHC
organisation whose change in macrodomain orgaaisas still only partially known (see
chapter 2). This holds true for the location of a@thophylls within the LHC (Lavaud et al.

2003; Guglielmi et al. 2005). Additionally, in demhs there are no genes coding for some
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important LHC components involved in the Chloroptiées NPQ (PsbS but also CP26 and
CP29; Ambrust et al. 2004). Second, diatoms hawkffarent XC which consists in the
conversion under an excess of light of the Ddx itgode-epoxidised form, Dtx , and vice
versa under limiting light or darkness (see beloWe presence of Dtx is mandatory for NPQ
(Lavaud et al. 2002a, b; 2004; Ruban et al. 2004)hat in diatoms the NPQ mechanism
appears to be more tightly related to the xanthidgliyan in their green counterparts. Third,
the role played by the\pH in the regulation of NPQ is still unclear in wims. In
Chloroplastida , it plays a central role generatihg allosteric aggregation of the LHC
subunits and the activation of the xanthophyllseshejent quenching (Horton et al. 2000; Holt
et al. 2004). In diatoms, there is no clear evidefts a LHC aggregation and the possible
effect of Dtx without theApH is still controversial (Goss et al. 2006). Asansequence, it
has been observed that the relationship between pti®@ochemical activity and the
development of NPQ is different in diatoms compario green plants (Figure 4). All
together, these differences in the regulatory carepts and mechanistic aspects of the NPQ
process in diatoms in comparison to green organiemge been suggested to play an
important role in their successful ecological adéiph to turbulent aquatic freshwater and
marine habitats in contrast to other eukaryotica@l@and to cyanobacteria (Fogg 1991,
Macintyre et al. 2000; Lichtman and Klausmeir 20B4&lkowski et al. 2003; Strzepeck and

Harisson 2004).

The correlation between NPQ and the de-epoxidasiatus can be very different
between diatom species (Lavaud et al. 2004; Stckeged Harrison 2004). Recently, it has
been demonstrated that the capacity for photoprotecdepends on both the light
environment and the iron availability of the naturabitat (Strzepeck and Harrison 2004, see
also chapter 9). Especially, the light fluctuatiooan drive the spatial distribution of

planktonic diatoms confirming earlier observatiaisa differential photoadaptative response
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of diatom species from different ecosystems, typjiceoastal and oceanic (Sakshaug et al.
1987; Macintyre et al. 2000). The very faw situ measurements showed that the NPQ
process, as well as the XC, is essential for maimigr the photosynthetic activity of diatoms
in an aquatic variable light environment (Mullerdawilhelm 1997; Kashino et al. 2002).
Especially, a differential capacity for the XC hasen suggested to be involved in species
succession (Meyer et al, 2000). Indeed, it appeatsunder controlled conditions as well as
in nature, diatoms seem to be able to regulate gr@tosynthesis by a fine-tuning of their
xanthophyll content in order to maximise their mpybtection capacities without
significantly affecting their ability for light-ha&esting under light-limiting conditions (Eisner
et al. 2003; Lavaud et al. 2003). These observatisapport the hypothesis that
photoprotection might be part of a physiologicaiwwk ensuring an unusual photosynthetic
flexibility and defining the ecological successdiitoms in a turbulent aquatic environment

(see chapter 5 on regulation of electron flow).

4. Properties of the diadinoxanthin (Ddx) cycle enanes of diatoms

Diadinoxanthin de-epoxidase (DDE)

The high efficiency of xanthophyll cycling in doshs is based on special features of the
respective enzymes. DDE is the enzyme catalyziegfdihward reaction of the Ddx cycle
(Figure 5 and Stransky and Hager 1970), which c@egrthe de-epoxidation of the epoxy-
xanthophyll Ddx to the epoxy-free Dtx. Under vivo conditions DDE is activated by the
acidification of the thylakoid lumen, which is deiwr by the light-induced photosynthetic
electron transport. Isolated DDE has a pH-optimupHa5.5 but enzyme activity can already
be observed at neutral pH-values of pH 7.2 (Jakah. 2001). This is in contrast to Vx de-
epoxidase (VDE), the enzmye catalyzing the de-afadian sequence from Vx to Ax and Zx

in higher plants (Figure 5, Yamamoto et al. 1962)E shows a pH-optimum that is shifted
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towards a lower pH-value of 5 (Hager 1969) and, ariorportantly, enzyme activity cannot
be observed at pH-values higher than 6.5 (Hage®;1Bfindel et al. 1994). Activation of
DDE at neutral pH-values has significant conseqegrior the operation of the Ddx cyale
vivo and the de-epoxidation of Ddx to Dtx can already thggered by a weak lumen
acidification induced by e.g. a chlororespiratotgceon flow (Jakob et al. 1999, 2001).
During the de-epoxidation sequence DDE, like theEM® Chloroplastida , requires reduced
ascorbate as cosubstrate to reduce the epoxy-gndugh is then eliminated as,8 (Hager
1969). Recent results (Grouneva et al 2006) suggasDDE exhibits a significantly reduced
apparent Ig-value for its cobsubstrate ascorbate comparedetd/DE of higher plants. This
allows the enzyme to perform an efficient conversed Ddx to Dtx not only at higher pH-
values but also at much lower concentrations oficed ascorbate in the thylakoid lumen of
the chloroplast. Another important factor for b@BE and VDE activity is the presence of
the major thylakoid membrane lipid MGDG (Latowskiaé 2002; Goss et al. 2005). The role
of MGDG in xanthophyll de-epoxidation is twofold. BDG serves to solubilize the
xanthophyll cycle pigments Ddx and VX, thereby pdawg both pigments in a form, which is
accessible by the respective de-epoxidases (Goat €005). MGDG furthermore forms
special three-dimensional structures, the so-calwedrted hexagonal phases, which have
been shown to be essential for Vx (Latowski e2@D2) and Ddx de-epoxidation (Goss et al.
2005). Although at present the localization of thé$ domains (an association with the
outside of the thylakoid bilayer or special areathiw the bilayer are discussed) is not clear,
their role in xanthophyll de-epoxidation is unditghle. It has been proposed that the
MGDG-rich domains of the thylakoid membrane are ghes, where the de-epoxidases bind
to the membrane after their pH-dependent activafiteger and Holocher 1994). Although
enzyme activity of both DDE and VDE equally rely the presence of MGDG a significant
difference in the solubility of the xanthophyll ¢ggpigments Ddx and Vx has been described

(Goss et al. 2005): Ddx is much more readily sdizdd in MGDG than VX, implying that in
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the diatom thylakoid membranes lower MGDG conceiaing are sufficient to drive efficient

Ddx de-epoxidation or that upon illumination higreanounts of Ddx can detach from the
light-harvesting proteins, diffuse to the free dipphase of the membrane and still be
efficiently de-epoxidized. This is in agreementhwitata from the literature that have shown
that the Ddx cycle pigment pool size can be muadlpelain diatoms compared to the Vx cycle

pool size in Chloroplastida (Lavaud et al. 2003).

Dtx epoxidase (DEP)

DEP is the enzyme catalyzing the back reactionhef Ddx cycle, which comprises the
epoxidation of Dtx back to Ddx. DEP has the samsubstrate requirements as the Zx
epoxidase (ZEP) of higher plants (Blich et al. 199%) uses oxygen, FAD, and NAD(P)H to
reintroduce the epoxy-group into the Dtx molecudEP like ZEP of Chloroplastida is
supposed to be located in the chloroplast strontatarbe active at pH-values around 7.5,
which have been described to represent the pH-optiof the higher plant ZEP (Hager 1975,
Siefermann and Yamamoto 1975). There is, howevagraficant difference in the regulation
of DEP and ZEP. In Chloroplastida epoxidation ofiZxot only observed under conditions
of low light illumination or in complete darknessut also under high light illumination,
where even increased rates of pigment conversion lm observed (Siefermann and
Yamamoto 1975). DEP, on the other hand, is comlgletghibited during high light
illumination by the build-up of the transmembrarégradient (Mewes and Richter 2002). At
present it is not clear if DEP is down-regulatedthg minor pH-change in the chloroplast
stroma that occurs during the establishment ofigin-driven ApH or by other factors, which
are indirectly coupled to the proton gradient. Hegre complete DEP inhibition during HL
illumination, in conjunction with an activated DDEnsures a rapid and efficient de-

epoxidation of Ddx to Dtx.
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Significance of DDE and DEP properties for the pipodtection of diatom cells

In higher plants and green algae multiple phot@gmtodn mechanisms like the Vx cycle,

enhanced dissipation of excitation energy at thellP&action center, state transitions,

alternative electron cycling (see next chapterriy) B1 protein turnover interact to provide

efficient protection against an overexcitation bé tphotosynthetic apparatus (for a recent
review see Stroch et al. 2004). Diatoms, on therdtland, almost completely rely on the Ddx
cycle as their main photoprotection mechanism (Ldvat al. 2002, see chapter 3). The
properties of diatom DDE and DEP are significautifyerent from the homologues enzymes
from Chloroplastida and are much better optimised ehsure a rapid and efficient

photoprotection.

5. Regulation of photosynthetic electron flow and he fate of
photosynthetic electrons

The light stimulated photolysis of water at Phosteyn Il delivers electrons for the
production of reducing equivalents and ATP furttezuired in the carbon fixation. However,
beside this linear transport of photosynthetic teters there are several possibilities for
electron cycling and divergency of electrons foneotreactions (an overview is given in
Figure 6). Electron cycling was observed around | R8ivolving cytochrome b559;
Whitmarsh and Pakrasi 1996) and around PSI. Hegn be distinguished between a true
cycle either from ferredoxin to cytochromef lor via NADPH and the plastoquinone pool
(Burrows 1998; Endo et al. 1999). The so-calledidsecyclic electron transport refers to the
reduction of molecular oxygen in the Mehler-reactid\sada 1996)Torsten: please check
and see comment 1Burthermore, the reduction of nitrite can accoontaf significant loss of

photosynthetic electrons. Under conditions of lo®@.@igh O-pressure within the cells the
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photosynthetically produced NADPH can be consunwedife reduction of oxygen via the
oxygenase activity of RubisCO (Ort and Baker 20@2)otorespiration does not only prevent
the carbon fixation, additionally, especially igad the glycolate produced in the oxygenase
reaction can be lost completely by excretion (Léaoger et al. 1998; see also chapter 7). All
these pathways diverging from the linear transpart be denoted as alternative electron
pathways. In higher plants alternative electrorhywalys can consume up to 30% of the
photosynthetically derived electrons (Asada 199&ddr et al. 2000; Wingler et al. 2000).
Torsten: please check and see commentr2diatoms the PSllI-cycle (Lavaud et al. 2002c),
the Mehler-reaction (Claquin et al. 2004) and phegpiration (Schnitzler-Parker &
Armbrust, 2004) appear to be significant, althotlgtre are no reliable data about the activity
of the distinct alternative electron pathways instlalgal class so far. However, from
laboratory measurements (Gilbert et al. 2000) iarsitu-approaches (Jakob et al. 2005) it is
evident that the general activity of alternativeotton pathways in diatoms is rather low. This
was further approved in a comparison of the diafntricornutum and the green alga
Chlorella vulgaris under simulated natural light regimes (Wagner let2806). Under
fluctuating light conditions a much higher conversefficiency of photosynthetic energy into
biomass was observed in the diatom compared tgréen alga. This was mainly due to the
high loss of photosynthetic electrons @ wvulgaris by alternative electron pathways.
However, in a non-fluctuating light regime thestalences disappeared in the efficiency of
biomass production between the diatom and the gaEn Under these conditions a higher
activity of alternative electron pathways was folwaiso in the diatom. Alternative electron
cycling in green algae seems to be a less eftialechanism of energy dissipation than
strong xanthophylls-dependent NPQ in diatoms. Thiaegengs support the ecological success
of diatoms in turbulent waters (see chapters 34nd

Besides the alternative consumption of electrondessribed above there is also the

possibility that electrons from cellular metabolisan be introduced in the electron transport
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chain via the NAD(P)H-dehydrogenase due to a hegluctant pressure. Characteristically for
this process is the occurrence of chlororespiratactivity. Chlororespiration denotes a
respiratory pathway in the chloroplast which inveshan electron transport from NAD(P)H to
oxygen via the PQ-pool and is active in darkness; (Bennoun 1982). In higher plants this
electron pathway becomes relevant during chrombplegelopment (Carol et al. 1999) and
might be understood as a metabolic remnant of tidapyotic ancestor of the plastid.
Unicellular algae, however, are expected to sustpmolonged dark periods and
chlororespiration could be auxiliary in the regextie cycling of energy equivalents and also
in the regulation of catabolic reactions in theocbplast. Diatoms are known for their high
potential to survive very long dark periods witthigh growth rate upon a return to light
(Murphy and Cowles 1997). As suggested by Armbeisal. (2004) diatoms could take
advantage from the high quantities of storage $ipudhich can serve for gluconeogenesis and
the generation of ATP under these conditions. Coeatly with the oxidation of fatty acids,
the necessity of a recycling of energy equivaléwits chlororespiration) might arise. In the
diatomsP. tricornutum andC. meneghiana a strong reduction of the PQ-pool was found after
48h in darkness (data not shown). The chlororegpirgroton gradient was shown to be high
enough to activate the de-epoxidation reactiomefdanthophyll cycle (Jakob et al. 1999; see
also chapter 3). In the green al@areinhardtii, although known to have the chlororespiratory
pathway, such a high reduced state of the thylakwthbrane after prolonged dark periods
was never observed. [D. reinhardtii chlororespiration and the related increase in du®x
state of PQ is usually induced after inhibition roftochondrial respiration or by nutrient
deprivation (Bennoun 1994; Peltier and Schmidt }99evertheless, neither the electron

donor to PQ nor the terminal acceptor is not yehidied in diatoms.

Indication for a strong stromal reductant pressardiatoms was also deduced from

the PSI re-reduction kinetics with a half-time cargble to the cyanobacteria (Grouneva et
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al. 2006). In cyanobacteria the thylakoid membrahares the photosynthetic and the
respiratory electron pathway. Thus, in dark perjadkds PQ-pool is reduced due to respiratory
activity. The fast re-reduction kinetics of PSldyanobacteria is then caused by the electron
supply from NAD(P)H. A similar explanation can besamed for the re-reduction kinetics of
PSI in diatoms. From these data it can be conclutied PSI is reduced not only by
components of the electron transport chain but laysa mechanism feeding electrons directly
into PSI. Ascorbate could be a candidate in seram@n electron donator to PSI, as recently
shown in Mano et al. (2004) and Ivanov et al. (9005

The activity of alternative electron pathways amghhstromal reductant pressure have
a strong influence on the redox state of PQ, ans #iso on redox regulation of gene
expression and of the retrograde signalling betwatgaroplast and nucleus. In view of the
recent findings of the missing redox regulatiorkey enzymes in the Calvin cycle of diatoms
(Michels et al. 2005; see also next chapter 6ait be questioned whether redox control via

the PQ-pool is functioning in diatoms in the sanay s in Chloroplastida.

6. Regulation of the enzyme activity in the Calvirtycle in diatoms

The photosynthetic carbon fixation in plants arghalis based on a eubacterial pathway, the
Calvin cycle, which is also found in the prokargoéincestors of plastids, the cyanobacteria.
Surprisingly only some of the Calvin cycle enzynme<hloroplastida are of cyanobacterial
origin, while others have been replaced by prottédyad or eukaryotic enzymes (Martin et al.
2000). Differentially substituted enzymes can ebenfound between different algal clades.
For instance diatoms contain a Class Il fructo$ebisphosphate aldolase (FBA), while in
plastids of Chloroplastida only a class I-typeeisoyme is found (Kilian and Kroth 2004).
Similarly some of the regulatory properties wer@amdd from cyanobacteria, while others

were newly acquired on the eukaryotic level. Carbigation in plastids is not an isolated
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process, but has to be coordinated with variouv@itaand metabolic pathways related to
carbohydrates and other organic compounds in atb@partments and this even in response
to external factors. Therefore it is not surpristhgt Calvin cycle enzymes in Chlorophyta
plastids are highly regulated, either by substratesby light-dependent redox regulation
either on the transcriptional level (Sun et al. 20@ey et al. 2005) or at the enzymatical level
via the ferredoxin/TR-system (Ruelland and MiginMaslow 1999). In addition to the
Calvin cycle (which is also named reductive penfasesphate pathway) plastids from green
algae do possess an oxidative pentose phosphdegya{OPP), an ubiquitous process that
produces NADPH and pentose-phosphates for biossistioé nucleotides, amino acids and
fatty acids in the dark by decarboxylation of glsed-phosphate. As the two pathways are
interconnected in plastids, operating them simeltarsly would result in a futile cycle, using
up energy in the form of ATP without net g@xation. Thus, some of the enzymes of the
Calvin cycle (Phosphoribulokinase (PRK), Glyceraltie-3-phosphate dehydrogenase
(GAP-DH), Fructose-1,6-bisphosphatase (FBPase), Saduheptulose-1,7-bisphosphatase
(SBPase)) are activated in the light via reducbgimR (and in turn are inactive in the dark),
while the key enzyme of the OPP, Glucose-6-phogptiehydrogenase (G6PDH) is active in
the dark, but inhibited after reduction in the tighR is a small protein possessing two cysteyl
residues capable of forming an intramolecular chsdg bridge, which can be reversibly
reduced in the light by the ferredoxin/TR reductédSER) and which is able to reduce target
enzymes resulting in altered enzymatic activitidacquot et al. 1997). By cross-linking
experiments using modified single cysteine TRsotaxiadditional potential target enzymes
for TR in Chloroplastida and in cyanobacteria hbheen identified in the recent years (see
Hisabori et al. 2005). For diatom plastids, howevemwas unclear for a long time as to
whether there is any redox control via TR. Jusemdy a gene for a TR f was identified on
the genome of. pseudonana (Armbrust et al. 2004). The derived gene producit@ios the

bipartite presequence characteristic for protengefng into diatom plastids (Kilian and
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Kroth, 2005). Several plastidic enzymes from diaddmve been investigated with respect to
regulatory properties, but so far - with one pdssexception - all of them are actually not
redox-regulated by TR. For PRK it has been showat in diatoms this enzyme has the
potential conserved cysteines for redox regulatldsing strong oxidants it is possible to
inactivate the enzyme and to activate it subsedubégtaddition of TR (Michels et al. 2005).
However, due to a shift of the redox midpoint patdrof this enzyme it does not get oxidized
in vivo and thus is permanently active (Michels et al.)0@iatom plastids also possess a
different GADPH enzyme compared to plastids of grakgae, termed GapC, which does not
contain the respective cysteines (Liaud et al. 2@@ which is not affected by oxidation or
reduction (Michels et al personel communicatidif)e chloroplast CloCF1ATP Synthetase
in plastids of Chloroplastida is modulated by TR lbwering the energy threshold of the
membrane potential that is necessary to activageetizyme (Ketcham et al. 1984). The
sequence cassette containing the respective cgstesnlocated on thg subunit of the
ATPase. The chloroplast ATPase activity in theatimOdontella sinensis is not affected by
reduction (Kroth, personel communication), becdiksein red algae and in cyanobacteria the
y subunits of various diatom enzymes do not posta@sssequence cassette (Pancic and
Strotmann, 1993) demonstrating that the modulawdnthe ATPase by TR has been
established in the green algal/land plant lineagly. Other plastidic enzymes, which are
affected by TR in Chloroplastida , are simply notirid in diatom plastids: In green algae
there are two malate dehydrogenases, one NAD-deperdzyme and one NADP-dependent
enzyme. The latter enzyme is redox-regulated viaafd serves as a valve for excess
NADPH (Scheibe, 2004). From enzymatic analyseskgndatabase search it became obvious
that the redox-regulated isoenzyme is missing atodn plastids (Ocheretina et al. 2000;
Mertens and Kroth, personel communication). ADReghe pyrophosporylase (AGPase) is

used in plastids of Chloroplastida to produce ADR:gse, the substrate for starch synthesis
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in the light (Geigenberger et al. 2005). Consisteith the fact that diatoms export all
carbohydrates immediately from the plastids andestioem as chrysolaminarin in cytosolic
vacuoles instead, they do not possess a plasti@®ase. The RubisCO activase, being
responsible for activation of the RubisCO (Zhand Rrtis 1999), is apparently also missing
in diatom plastids as so far no gene for this pnoteas been found on the pseudonana
genome. At least there is some evidence that at & enzyme in diatom plastids redox-
regulatedin vivo. We found that the FBPase 1. sinensis can be activated by the reducing
agent dithiothreitol (Michels et al. 2005) with slian activation kinetics as found for spinach
FBPase (Hertig and Wolosiuk 1983), however, a gheaof for this still has to be established.
As apparently just one enzyme of the Calvin cyttle, FBPase, may potentially be regulated
by TR, how do the diatoms manage to regulate oxelaand reductive pentose phosphate
pathway separatly? The answer is that diatoms girdplnot possess a plastidic OPP. By
enzymatic analysis utilizing isolated diatom pldstand by analysis of the genomic database
of T. pseudonana it was shown that the key enzymes of the OPPPBB-and 6-PGDH are
are missing, while the cytosolic isoenzymes aresgme (Michels et al.. 2005). It is still
unclear how diatoms survive without plastidic oxida pentose pathwayeter: please check
and see comment 38 and 39: In green algae the OPP is closely connected thitisynthesis

of fatty acids (Jensen, 1985) and to the shikinpatiway (Farr et al., 1994) by supplying
NADPH and sugar phosphates in the dark. As diatlastigds do not accumulate starch, sugar
phosphates might be imported into the plastidhéndark as well, making an oxidative OPP
more or less useless. Reduction equivalents migbilyebe imported into the plastids by
shuttle systems known from land higher plants K&iet al. 2002). The OPP might not be the
only relocated pathway in diatoms: Liaud et al.0@0demonstrated that isoforms of the

glycolytic enzymes triosephophate isomerase and@ARBre targeted into the mitochondria.

28



Another system regulating the Calvin cycle in Cbpastida is the formation of protein
complexes of GAPDH and PRK together with the srpadtein CP12 via disulfide bridges
(Wedel and Soll 1998). In Chloroplastida these demgs are formed in the dark. In the light
and in the presence of NADPH they get reduced bydigsociate and release GAPDH and
PRK activity (Graciet et al. 2004). A comparisonnattive GAPDH and PRK enzymes from
stromal extracts of diatoms and Chlorophyta by fihtion revealed that diatoms do not
form GAPDH/PRK/CP12 complexes (Michels et al pees@mommunication), accordingly we
were not able to identify genes for putative CPddegins in diatom genomes.

Taken together redox regulation by TR apparentypla minor role for the regulation of the
Calvin cycle in diatoms. On one hand it is obvithes various regulatory mechanisms related
to TR were introduced in the green algal lineagly and therefore are missing in red algae
and related secondary algae.. So far it is completeknown how the Calvin cycle and
related processes are regulated. Future work wilehto focus on possible changes in the
general redox status of the plastids and otheatsghat might effect the global expression of
plastidic enzymes. Futhermore the role of subsratel effectors on the activity individual
enzymes will have to be elucidated to understand ti@atoms regulate the photosynthetic

activity under variable conditions.

7. Photosrespiration

RubisCO is the most abundant enzyme in the chlasb@ccounting for for up to 30%-50%
of its soluble protein. RubisCO fixes inorganic lmar dioxide but through its oxygenase
activity is capable of binding molecular oxygenklimy C-fixation with photorespiration.

Joachim please check and see comments 43, 44 hi&oxygenase activity of RubisCO is
enhanced by high light and high levels of @Beardall 1989). In particular, binding of

ribulose 1-5 bisphosphate to , Oresults in the formation of 2-P-glycolate and 3
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phosphoglycerate. Subsequently, glycolate is naa@dable for further metabolism within
peroxisomes and mitochondria (Winkler and Stabelr®94). Alternatively, glycolate can be
excreted into the surrounding medium by algae @agkal. 2004). Recently an HPLC-based
method was used to measure the concentration oplib&respiratory-specific compound
glycolate in the culture medium. Exclusively cuéisithat were shifted from low subsaturating
irradiances to the high light intensities releapeshounced amounts of glycolate (Schnitzler
et al. 2004)Joachim please check and see commenTHé&:contribution of photorespiration
to the release of dissolved organic carbon fromqgpiginkton cells has been estimated under
laboratory conditions to be about 5%-10% (Leboudsreg al. 1998).

In figure 7 the metabolic compartimentation of ghrespiratory carbon flow is schematically
presented. In diatoms the occurrence of peroxisomassuncertain for a long time. Neither
structures characteristic of these organelles moenhzyme catalase, which was thought to be
a peroxisomal marker, were found in these algaa kWi and Stabenau 1995). Nevertheless,
peroxisomes of diatoms were demonstrated by eleatnaroscopy for the first time in
Fragilaria (Winkler and Stabenau 1992). After isolation okgsh organelles, glycolate
dehydrogenase was found to be a constituent o¢ theoxisomes. This peroxisomal enzyme
preferred L-lactate over the D-isomer. In additiespcitrate lyase and malate synthase
activities were detected in the peroxisomal fratief T. fluviatilis and Nitzschia laevis.
Therefore it was suggested that a functional glieteycycle is present in the peroxisomes of
these diatoms (Winkler and Stabenau 199)achim: please check comment 8éguencing
the genome of. pseudonana resulted in the annotation of a catalase/peroridggmbrust et

al. 2004). However, localization of this catalasegxidase to peroxisomes could not be
predicted. Furthermore, this sequencing effort gled evidence for the presence of a [3-
oxidation pathway inl pseudonana. Potential peroxisomal targeting motifs were fodad
enzymes known to be specific for 3-oxidation ofypolsaturated fatty acids, including a 2,4

dienoyl-CoA reductase and a 4-dienoyl-CoA isomeras¥&eviously, it was reported that
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enzymes of the fatty acid 3 oxidation pathway weated in mitochondria exclusively
(Winkler and Stabenau 1995). [3-oxidation withimopégsomes would generate substantial
guantities of HO,, which might be detoxified by catalase. In highgants glycine is
produced within the peroxisomes and exported ih#o rhitochondria. No report of glycine
production in peroxisomes of diatoms exists updw.

In addition to peroxisomal glycolate metabolismycgllate can be directly exported from the
chloroplast into the mitochondria of diatoms (Wmkland Stabenau 1995). Inside the
mitochondria formation of glycine and serine cotlel demonstrated by'C labelling of
glycolate (Winkler and Stabenau 1992). A full ldngequence of glycine decarboxylase from
the centric diatoml. weissflogii was reported recently (Schnitzler and Armbrust4200
Glycine decarboxylase is a multi-subunit enzymenpased of L-, P-, H- and T- proteins.
Transcript abundance of this enzyme was demondttatée light dependent. In addition, a
link between transcript abundance and photoregpyraictivity was established (Schnitzler
and Armbrust 2004). Export of serine into peroxissmand subsequent production of
glycerate was not observed up to now. Therefogpndifferences seem to exist between
the photorespiratory pathways of Chloroplastidad dratoms. Furthermore, evidence was
presented that C4 photosynthesis supports carbsimitgion in the marine diatonT.
weisflogii (see also next chapter 8) (Reinfelder et al. 2000; Falciatore and Bowler 200
Giordano et al. 2005). Moreover, a number of inting differences were identified between
the pennate and the centric diatoms concerning/ites of relevance for general cell
metabolism, e.g. genes involved in carbon-concgénfyramechanisms, cytosolic acetyl-
Coenzyme A production etc. (Maheswari et al. 20@6nisant et al. 2005). Details of the
specific properties of the photorespiratory pathwaydiatoms will be further analyzed by

metabolite profiling and construction of linkagewerks.
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8. Carbon acquisition in diatoms

In spite of high concentrations of dissolved inaiigacarbon in most aquatic environments,
phytoplankton has to invest considerable resourcearbon acquisition to allow high rates of
photosynthesis. The reason for this is RubisC@sen CQ as the only carbon substrate and
is characterized by a low substrate affinity arglaav maximum specific turnover rate. With
CO, half-saturation constants ranging between 30 &nhprol I* (Badger et al. 1998), GO
affinity of diatom RubisCO is among the highestalf phytoplankton taxonomic groups
(Tortell 2000). Still, at typical seawater @@oncentrations, ranging between 10 and 25 pmol
It, RubisCO carboxylation is well below saturatiow. @vercome the 'imperfection’ of their
main carboxylating enzyme, diatoms, like most mostroalgae, have developed energy-
dependent mechanisms, which increase the c@@centration at the site of carboxylation, the
so-called CQ concentrating mechanisms (CCM). These includevaaiptake of C@ and
HCO;s into the algal cell and/or into the chloroplaste conversion between HG@nd CQ

intra- and extracellularly with the enzyme carboaithydrase (CA) and GGaccumulation

via C; and CAM pathways (forreview see Giordano et ab3)0

Recent studies indicate that large differences @xisoth the efficiency and regulation of the
CCM between phytoplankton taxonomic groups. Whesease species preferably use 3

a carbon source, others mainly draw their inorgaarbon from the large pool of HGe.g.
Korb et al. 1997; Elzenga et al. 2000). Photosyithearbon fixation rate of all diatom
species tested so far are at or close te-€furation at present day ef@vels (Burkhardt et
al. 1999; 2001; Rost et al. 2003). In contrast, ¢becolithophoridsEmiliania huxleyi and
Gephyrocapsa oceanica are well below saturation at these levels (Riebesal. 2000; Rost

et al. 2003) due to low affinities in the inorgac&rbon uptake systems and low extracellular

carbonic anhydrase (CA) activities. Large differehare also observed with regard to CCM
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regulation (Burkhardt et al. 2001; Rost et al. 2068ghly regulated carbon acquisition in the
diatom S costatum can be ascribed to increasing affinities in the,@@d HCQ uptake
systems, an increasing contribution of HCtO the overall carbon acquisition and an increase
in CA activity with decreasing pGOIn contrast, the prymnesiophyRhaeocystis globosa
showed a rather constitutive carbon acquisitionciwivas reflected in a constant contribution
of HCG;s' to the overall carbon acquisition and high extitatas CA activities independent of

the pCQ.

Considering the high concentrations of HC@pprox. 1800 pmol?) relative to CQ (10 to

25 pmol 1) in seawater and the ability for active HE @ptake in diatom species tested so far
raises the question, why marine diatoms do notealyhe abundant HGOpool in seawater
as the sole inorganic carbon source. The coexistaficooth CQ and HCQ transport
systems with preference for GQptake at higher C{concentrations may be maintained for
energetic reasons. Owing to the negative chargd@®D; and the inside-negative electric
potential difference across the plasmalemma, thergetic costs of HCO uptake was
suggested to be higher than that of,@Ptake (Burkhardt et al. 2001). However, consitgri
that for each HC® entering the cell and being fixed as £@he H has to enter or 1 OHo
leave the cell in order to maintain intracelluldf palance, the energetic cost for HCO
uptake may turn out similar to that of active £ansport. As argued by Granum et al.
(2005), this holds true in the case that HQtake occurs via a’MHCO; symporter or a
OH': HCGs antiporter, which have the same minimum energy gesmole of carbon uptake
as for an ATP-powered GQransporter. Whatever the advantage for the ctengs of CQ
and HCQ' transport systems may be, the fact that diatoeguently thrive and are highly
competitive under light (energy) limiting condit®rsuggest that the key to answering this

guestion is likely to be founded on energetic reaso
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In addition to the biophysical mechanisms for ;C&&cumulation discussed above, recent
work has indicated the operation of a biochemicatianism via a Qpathway in the marine
diatom T. weissflogii (Reinfelder et al. 2000; 2004). Short-term lalngiliof C, compounds
and transfer of carbon to PGA was demonstrateceils grown under inorganic C-limited
conditions. Use of a PEPCase inhibitor resultec i®0% decrease in photosynthesisTin
weissflogii acclimated to low Cg) but had little effect under high G@r low O, conditions
(Reinfelder et al. 2004). In contrast, no such affef the inhibitor was observed in the
chlorophyteChlamydomonas sp. Addition of oxalacetic acid, the, @roduct of PEPCase,
suppressed the fixation of inorganic carbon fixatioT. weissflogii. This effect was strongest
in cells grown under low C{xonditions, suggesting regulation of thepgathway in response

to CQO, availability (Reinfelder et al. 2004).

The recent sequencing of the genomd .gbseudonana (Armbrust et al. 2004) has revealed
the presence of genes coding for enzymes necess@yyphotosynthesis, such as PEPCase,
PEPCKase, and PPDK, which catalyzes the synthéstg&B in many C4 plants. The cellular
localisation of these enzymes in diatoms, a clifi@etor in determining their involvement in
C, photosynthesis, however, is uncertain. To allow $onultaneous carbon fixation by
PEPCase and RubisCO in a single cell would requitecellular compartmentalisation
(Riebesell 2000). In view of these uncertaintiee #vidence for the operation of C4
photosynthesis in diatoms is still considered inptate (Giordano et al. 2005). While a C4
pathway in diatoms seems redundant with the obdeaetve uptake of COand HCQ@, both
the biophysical and biochemical mechanisms maynbegral components of the highly
efficient and tightly regulated G@oncentrating mechanism in diatoms.

side from CQ availability, other environmental factors such @gply of macro- and
micronutrients, photon flux density, UV radiatiomdatemperature, can modulate CCM

activity (see review by Beardall and Giordano 2003urprisingly little information is
34



available on diatom CCM modulation by these ecalally relevant factors. The need for a
better understanding of these aspects becomesusbinoview of the present and projected
future changes in environmental conditions. Globarming will raise surface water
temperatures, increase surface layer stratificatioth decrease deep water ventilation. This
will lower the supply of inorganic nutrients froneeper layers and will increase mean photon
flux densities in the upper mixed layer. The capyaaf CCM regulation in response to these
changes may play an important role in determining écological fithess of individual

phytoplankton species and taxonomic groups undardiconditions.

Recent important advances in thepseudonana genome project (Armbrust et al. 2004) in
combination with improved technology to charactersnd quantify CCM activity and
regulation on the cellular and molecular level wilp to unravel mechanisms, regulation and
environmental modulation of diatom carbon acqusitiA better understanding of these
processes will be a prerequisite to further elueidde role of carbon acquisition in an
ecological and evolutionary context and may helgmprove our predictive capability of

possible changes in plankton composition and ssaes

9. Synthesis and breakdown of storage products undstarvation.

Sorage products

Under nutrient replete conditions diatoms primariaccumulate thep-1,3-D-glucan
chrysolaminarin (Granum et. al. 2002) as a storpgaeduct. This is a water-soluble
polysaccharide, localized in vacuoles. It can b¢abvaized rapidly during dark periods, and
therefore serves as a respiratory substrate. Bothendo- and exo-1{3glucanase were

identified on genome level (Armbrust et al. 2004).
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All plastid-containing organisms examined so fargautde novo biosynthesis of fatty acids
within the plastid via the type Il fatty acyl syase (Waller et. al. 1998). Diatoms can contain
large proportions of polyunsaturated fatty acidemBrust et al (2004) identified a complete
pathway for polyunsaturated fatty acid biosynthe&fter export from the plastid, lipid or oil-
droplets often accumulate in the vacuoles or im@gsm under nutrient-limited conditions.
Furthermore, Armbrust et al (2004) reported theniifieation of enzymes necessary for a
complete urea cycle if. pseudonana which is in contrast to Chloroplastida . Evidencasw
found, that inT. pseudonana the energy storage product creatine phosphatenisergted from

a branch pathway of the urea cycle.

Metabolic reaction to nutrient stress

In response to nutrient limitation diatoms, liké@t phytoplankton cells, undergo metabolic
acclimatization, which often results in changes tife cellular composition of
macromolecules. Nitrogen or phosphate limitationduces the ability to use
photosynthetically fixed carbon for protein synise$ut does not prevent the formation of
photosynthetic storage products (Berges et. al.619Branum and Myklestad 2002).
Consequently, a gradual increase in cellular carbearves without a concomitant increase in
organic nitrogen (expressed as increased C/N rasolvell as decline of Chl a and of
photochemical efficiency are observable (Shifri &hisholm 1981, Berges and Falkowski
1998, Lippemeier et. al 2001). Berges and Falkow4®98) showed that N-starvation
affected the maximum quantum vyield of PS Il of tietomT. weissflogii more severe than of
the chlorophyceaeDunaliella tertiolecta. It is known that diatoms tend to dominate
phytoplankton under high-nutrient concentrationarti®u et al (2005) summarized half-
saturation values of marine diatoms which have dewiange of variation indicating that
generally these are above the annual sea surfawemoations (Levitus et al. 1993). The

need of nutrient-rich conditions for growth couldaoriginate from large cell size, causing
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relatively low surface to volume ratios of diatomdhich limit an efficient exploitation of low
nutrient concentrations. The range of variatiorcelf size of diatoms comprises more than
one order of magnitude (13 — 7°1AnT, Sarthou et. al, 2005). These might be some rsason
for the strong effect of nitrogen starvation @nweissflogii (cell volume: 1362 pf) in
contrast tdD. tertiolecta (cell volume: 391 prh Atkinson et. al 2003 and references therein)
as it was reported from Berges and Falkowski (1988yever, it is also known that diatoms
can adapt to low nutrient concentrations by redytneir size (Sarthou et. al. 2005).

Under N-limited conditions a simultaneous accumartadf glucan and lipids was found &
costatum (Granum et. al 2002). Guerrini et al (2000) shoveedaccumulation of cellular
carbohydrates inAchnanthes brevipes under both, nitrogen- and phosphate-depleted
conditions. The authors conclude that increasegispotharide reserves accumulated under
N-limitation represent carbon skeletons that wdlused for protein synthesis when nitrogen
is available again. Glucan accumulation under phatgdepletion seems to be a result of
decreased catabolism.

Nutrient starvation also induces/increases theusiin of extracellular polymeric substances
(EPS), primarily polysaccharides in benthic andinediatoms (Guerrini et al. 2000, Granum
et.al. 2002Underwood et al. 2004) independent of photoresmiyatonditions. The excretion
seems to be a response to unbalanced growth wer@mount of fixed carbon exceeds the
capacity of carbon storage within the cell. The position of extracellular carbohydrates
varies in dependence on the nutrient status of d#le and environmental conditions.
Underwood et al. (2004) identified two EPS type®$Etype 1 and 2) ilCylindrotheca
closterium, which were produced under nutrient limiting andnsliniting conditions.
Nutrient-replete cells produced a complex EPS ¢omg rhamnose, fucose, xylose,
mannose, galactose, glucose, and uronic acidsieNtstimited cells produced an additional
EPS containing mannose, galactose, glucose, amdcuaoids. InA. brevipes the amount of

released polysaccharides was found to be higheerupldosphate depletion (Guerrini et al.
37



2000), whereas nitrogen depletion induced a highecumulation of intracellular
carbohydrates. Granum et al. (2002) reported thease of organic carbon, comprising
monosaccharides, polysaccharides and free amide ax$. costatum.

Carbohydrate release was also shown for the cyaterian Synechocystis aquatilis f. salina
(Nascimento et al. 1999) under nutrient deprivatiditrogen starvation caused a high initial
carbohydrate release, because this photosynthetiugt could not serve as carbon skeleton
source in protein synthesis. The authors conclbdethe release was a consequence of high
intracellular carbohydrate concentrations. By castir the excretion of polymeric
carbohydrates in green algae in response to sgres$ known.

Another major limiting nutrient of diatom growth sflicon. Cellular energy for silicification
and transport originates from aerobic respiratiorthout any direct involvement of
photosynthetic energy (Martin-Jézéquel et al. 20@3) such, diatom silicon metabolism
differs from that of other major limiting nutrienssich as nitrogen and phosphorous, which
are closely linked to photosynthetic metabolismgGin et al 2002). Cell wall silicification
and silicic acid transport are tightly coupledhte tell cycle, which results in a dependency in
the extent of silicification on growth rate. Undglicon limiting conditions Roessler (1988)
showed an increased accumulation of lipid€ircryptica. This accumulation appears to be
due to two distinct processes: an increase in tiopgotion of newly assimilated carbon
partitioned into lipids, and a slow conversion ofyously assimilated carbon form non-lipid

compound into lipids.

Metabolization of storage productsin darkness

In the natural environment, nutrient eliminatioorfr the euphotic zone to the sediment is
driven to an important extent by sinking of autptic cells, especially by diatoms. During

sedimentation of the cells metabolic processesulieactive leading to changes in biomass

composition. Berges and Falkowski (1998) showed ¢tie#l numbers, pigment ratios, and
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photosynthetic capacity of. weissflogii remained constant during two weeks of darkness.
Similar results were obtained for five polar diat@mecies surviving up to 214 days dark
incubation and were able to grow when reexposdidho (Peters and Thomas 1996). After an
initial decline, mainly due to a loss of carbon,NCvatios also remained more or less
unchanged (Berges and Falkowski 1998; Peters anthd$ 1996). This is in agreement with
the quantitative decline of carbohydrates and $ppth a per cell level of. meneghiana
measured with FTIR spectroscopy (Stehfest et &I5p0rhe breakdown of storage products
in C. meneghiniana due to 34 days of darkness caused a decline ofcalular
macromolecules with time. The data showed thatstloeage products are decreased for
energy supply in a well defined sequence: Lipidswstd the fastest decrease, followed by
carbohydrates, whereas protein declined very sloddiatoms have the capability to
assimilate nitrate in the dark. N-assimilation mluced by high light intensities or N-
limitation when N-assimilation or N-transport couidt keep up with carbon fixation (Clark
et al, 2002). Varum and Myklestad (1984) reportad increased mobilization of
chrysolaminarin in the dark and suggest that thgspocharide is used for delivering carbon-
skeletons for the biosynthesis of amino acids.

Although the survival of prolonged periods of dagks forScenedesmus quadricauda was
reported (Furusato et. al, 2004), no data are ablail concerning the survival of green algae
in darkness for several months. Diatoms have tipalbty to withstand long periods of
darkness and restart growth rapidly upon returfigtat. The reasons are not understood in
detail, but one explanation might be that diatonasehthe capability to maintain their
photosynthetic performance (Peters and Thomas 1afphy and Cowles 1997; Furusato et
al. 2004) using chlororespiration to protect c&llsn photodamage after return to light (Jakob
et al. 1999) . Another beneficial factor might be high accumulation of lipids. This long-

term storage product of reduced carbon has thdialal advantage of enhancing buoyancy.
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Lipid degradation seems to be related to otheriplogical functions e.g. t@-oxidation of

fatty acids (see chapter 6)

10. Elemental composition and nutrient uptake in daitoms (zuarbeit fehlt

noch daher noch nicht Uberarbeitet)

Microalgae and plants require essential macro- amdronutrients for growth. In
photoautotrophs, the macronutrients nitrogen ara$pihorus are used in anabolic reaction as
a sink for the photosynthetically fixed organichmam and to provide the building blocks for
all other cellular components. While the bulk lo¢ tassimilated nitrogen is used for protein
and nucleic acid biosynthesis, phosphorus is a m@mponent only in nucleic acid and
phospholipids (reviewed in Geider and LaRoche, 2002 Recent work on the elemental
stoichiometry of phytoplankton has revealed songeiicant differences between the green
and the red plastid lineages. On average, ther&ti® of marine chlorophytes was higher
(N:P ~25) then that of diatoms (N:P~10) grown untle¥ same conditions (Quigg et al.
2003). Experimental evidence suggest that thermdiffce in N:P between organisms is due
largely to variations in the partitioning betweeitat cellular proteins and rRNA, although the
N:P ratio will also be influenced by variation inet N- and P-storage ability of the various
algal groups (Geider and LaRoche, 2002).

The difference in stoichiometry of micronutrientstlween the green and red plastid
lineages is even more striking, and a link betwientiming of the evolution and the trace
metal composition of the plastid lineages has bbgpothesized (Quigg et al. 2003,
Falkowski et al 2004). The green plastid lineagpears to have inherently higher cellular
guotas of iron, zinc and copper relative to thofaea algae and secondary red plastid
symbionts. In contrast, the red plastid lineagescaaracterized by higher cellular quotas for

manganese, cobalt and cadmium (Quigg et al 2QQ8k please check comment 68The
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composition of metals reflects the plastid ratthentthe host lineage and one can hypothesize
that the trace metal preferences will reflect tdiferences in the metabolism of the
organisms, especially with respect to the photdstit machinery. A novel type of carbonic
anhydrase, containing Cd rather then Zn, has beeently discovered in a marine diatom
(Lane et al. 2005) confirming a biological role fibis element and explaining the nutrient-
like profile of Cd in the oceans. This discovesupports the hypothesis that, in diatoms,
metals such as Cd, Mn, and Co may provide alteremtio the more commonly found Fe-,
Zn- and Cu-based enzymes (Quigg et al. 2003).

Julie: please check comment 690ne unique aspect of diatoms among extant
photoautotrophic organism is their silicon requiesin The ability to precipitate silicic acid
into an exquisitely patterned silica cell wall Haeen studied in part because of its potential
importance to the developing field of nanotechngldroger et al 2003). Silaffins and
silicic acid transporters (SIT), two biochemicalngmonents involved in frustule formation
have been so far uniquely found in diatoms (Hildeldret al. 1998, Kroger et al. 2002). In
the modern ocean, diatoms play an important rolthénsilicon biogeochemical cycle, and
diatom growth is often limited by dissolved silicancentrations (Falkowski et al. 2004).
The ecological significance of the silica cell wamains unclear, but many hypotheses exist,
ranging from a lower energetic cost then organibaa based cell wall (Raven, 1983) to
mechanical protection (Hamm et al 2003).

Although diatoms can survive under low nutrient ditions, they are also well
adapted to rapidly take up nutrients at elevatedceotrations (Collos et al 2005). This
suggests that both high affinity and low affinitytnent transporters are present in diatoms.
A compilation of nutrient uptake kinetic parametéem experimental work with diatoms
demonstrates a large interspecific variability iddiion to the environmentally caused
acclimation response within single species (Sarttoal. 2005). The compiled data yielded

mean half saturation constants (Ks) for ]N®Q, Si (Table 1) of 1.6, 0.24, 3.9 uM,
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respectively and a range for each nutrient thahrspa several orders of magnitudellie
please check comment 10 contrast, the average reported Ku for Fe upt&lsefor Fe are
seldom measured) was 0.35 nM, more then 3 ordermagnitude lower then Ks for
macronutrients.

An analysis of the genome 4t pseudonana suggests that diatoms can assimilate
nitrogen from ammonium, nitrate, nitrite, urea, amiacids and purines (Armbrust et al.
2004). Although the enzymes for purine utilizatigg. Allantoicase, http://genome.jgi-
psf.org/chlre2/chlre2.home.html) are not found he €hlamydomonas genome, most other
nitrogen sources can be utilized by diatoms anarophytes alikeJulie please check
comment 71 Ammonium is the most energetically efficient sourgk nitrogen and is
preferentially assimilated by algae. In most org@s, transport of ammonium ions across
membranes is carried out by members of the ammotramsporter family (AMT), a group of
evolutionary-related proteins found in bacteriaaste algae and higher plants. Several
ammonium transporters all belonging to the AMT figntiave been identified in diatoms
(Hildebrand 2005, Allen 2005). Two groups of aomum transporter, AMT1 and AMT2
found inC. fusiformis are not only upregulated by nitrogen limitationt bre also expressed at
a higher level when grown on nitrate compared tonamum (Hildebrand 2005). The
utilization of nitrate requires the presence ofaté transporters, as well as nitrate reductase
and nitrite reductase. Th&. pseudonana genome contains multiple genes for nitrate
transporters as well as the other enzymes essdotialitrate assimilation. All eukaryotic
nitrate reductases are well conserved in the nifajartional domains and this is also the case
for the diatom enzymes (Allen et al. 2005). Howevlee homology to other NR is generally
less then 30% in the less conserved regions. Tihatelireductase of diatoms exhibits a low
temperature optimum and this feature may reflecictiral differences in the N-terminal of

the enzyme itself (Berges et al 2002). The spesifucture of the nitrate reductase may be a
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key selective advantage for diatoms, allowing thenatilize the high nitrate concentrations
characteristic of turbulent water regimes and tmbi at cold temperatures.

In Chlamydomona the specific response to phosphate limitatiorheracterized by the
synthesis of a high-affinity Pi uptake system amel decretion of PHOX alkaline phosphatase
(Chang et al. 2005). The genomes of bGtilamydomonas and T. pseudonana contain
members of a phosphate transporter family relabeBHO-4, a Na(+)-phosphate symporter

from yeast (Chang et al. 200%8tp://genome.gi-psf.org/thapgland inChlamydomonas, the

high affinity phosphate transporter PTB2, expressalgg under P-limitation, belongs to this
protein family. However, the alkaline phosphatasesnd in T. pseudonana have no
homology to PHOX, theChlamydomonas enzyme.

All living organisms have evolved biochemical sysgefor iron acquisition and
cellular homeostasis. Diverse strategies havevedai closely related species, and one can
expect this diversity to be also present in diatonlsatoms can survive and grow at iron
concentrations of only a few nM, even in laboratomtures (Sunda et al 1997). In constrast,
Chlamydomonas shows signs of severe iron limitation when growithw100 nM Fe
(Lafontaine et al. 2002). Very little is known aibdhe biochemical nature of the diatom’s
high affinity iron uptake systems. THhepseudonana genome has revealed the presence of at
least two ferric reductases, a multicopper oxidase two iron permeases (Armbrust et al.
2004) but, based on amino acid sequence homolbgggetare only distantly related to the
high affinity iron-uptake system ofhlamydomonas (Lafontaine et al. 2002) and yeast
(Rutherford and Bird, 2004). THE pseudonana genome also contains genes that might be
involved in siderophore synthesis.

The overwhelming success of diatoms in the ironrpoarine environment, at least
relative to the green algae (Falkowski et al 20649y in fact stem from their ability to reduce
their cellular iron quota. In phototrophs, most tbe iron requirements are within the

photosynthetic apparatus, and under iron limitatitime photosynthetic architecture is
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remodeled to reduce iron requirements and protgetinat excessive light absorption
(Moseley et al 2002). In contrast@lamydomonas and cyanobacteria, where PSl is at least
as abundant as PSII, PSI/PSII is usually less thendiatoms and can be further reduced in
iron-limited cells (Strepeck and Harrison, 200&)nce PSI contains 12 iron atoms in contrast
with 3 in PSII, a reduction in PSI will contributgignificantly to decreasing the iron
requirements in diatomgulie please check comment 7Biatoms also have the ability to
replace iron-containing proteins such as ferredolin flavodoxin, and Fe-superoxide
dismutase for Mn superoxide dismutase (LaRoché 989) resulting in additional savings
in Fe. The ability to replace ferredoxin by flawxth appears common in diatoms (LaRoche
et al. 1999). Although flavodoxin is presentGhlorella andD. tertiolecta proteins with an
alternate protein that does not contain iron isspmcific to diatoms. Although all diatoms
appear to contain flavodoxin, the gene encodingpflaxin is absent in th€hlamydomonas
and higher plant genomes, but is present in somengalgal species, notaldy tertiolecta

(LaRoche et al.1999).

11. Diatoms as extremophiles

Diatoms can life in quite extreme enviroments,. éngertidal areas where they have to
tolerate extreme changes in radiation and saliaitywater films, e.g. on rocks or trees.
However, in most of these habitats other taxa,utholg green algae, are as successful as
diatoms. E.g. the green algzhlorella nivalis can survive at low temperatures on snow
(Kawecka and Drake 1978). There is, however, arep cold ecosystem where diatoms
seemingly are most competitive and outnumber didpes, sea ice. It might be hypothezied
that the ecological success of diatoms in thisrenwnent is due to the metabolic peculiarites
listed above. Sea ice, other than freshwater scaot a solid matrix, but contains a system of

fine channels filled with brine originating fromelexpulsion of ions from seawater during the
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freezing process, which can be heavily populatedibtoms (Gleitz et al. 1998). Therefore,
the shells of sea ice diatoms are used as a pabeofor sea ice coverage of the Polar Seas
(Leventer 1998). Presently at any given time seacbvers more than 13 Mio krand as
such is a huge ecosystem. Conditions in this enment are extreme with respect to
temperature (between —2 and 2@p, salinity (between 30 and 150 PSU) and radiatie
well as high pH values (up to pH 10). Due to high densities photosynthetic activity can as
high that the oxygen saturation exceeds severalolOtherefore, it is usually not only a
single stressor at a time, but a combination ofesdy Through the freezing process the
salinity in the brine increases dramatically whagks for an energy dependent maintenance
of an internal osmotic value suitable for surviead photosynthesis. The thick ice layer
above the cell can reduce irradiance to valueswasab <0.1% of solar radiation at sea level.
Therefore, photosynthetic cells have to adapt toeexely low light intensities. Since the gas
exchange between the brine and the open water eratmosphere is rather limited,
photosynthetic activity in the brine leads to tlepletion of dissolved inorganic carbon (DIC),
shifting the pH to values up to 10 and higher, amtlyperoxic conditions, that facilitate the
production of reactive oxygen species (ROS) (ThoarasDieckmann 2002)Therefore, the
metabolic costs are increased by efficient ROS esugimg and carbon pumping by CCM.
Finally, the air temperature above sea ice carsbevaas -40°C, while the temperature of the
underlying seawater is usually around the freepomt of seawater (-1.8°C), resulting in
strong temperature gradients, which asks for spedaptations in the lipid and protein
compostion in the membranes.

Under these extreme environmental conditions a poimary production within sea ice
would be expected. However, the productivity ishieigcompared to the open water and
chlorophyll concentration may exceed that in opextewby a factor of 1000 (Thomas and
Dieckmann 2002). During the ice melt in spring aaally summer, sea ice populations can

serve as a “seed population” for the water coluemmphasizing their ecological importance in
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Polar seas. Interestingly, dominating diatoms i ise can also thrive in melting ponds and
remain dominant in the pelagic community, e.g. thenus Fragilariopsis which was

ubiquitously found in phytoplankton counts (Hallded53; Paasche 1960; Quillfeld 1997).
This implies that these diatoms are not restrittedn extreme environment like most other
extremophiles, but can successfully compete witleotaxa under totally different condtions.
Therefore, their metabolic flexibility is able taccdimate to an extreme wide range of

environmental conditions.

We are just beginning to understand the physiolddasis of this extremophily. Laboratory
studies showed that polar diatoms (eFgagilariopsis curta, Navicula gelida var. antarctica,
Nitzschia medioconstricta) contain high levels of polyunsaturated fatty acsthich may help

to maintain membrane fluidity at low temperatufsliminary data suggest that they react to
changes in temperature by changing their fatty aodiles (Mock and Kroon 2002; Lange,
personel communication.) similar to that knowmirayanobacteria (Los and Murata 2004)
andby the production of “ice-active substances”y(Rand and Knight 2003). Under low
temperatures already moderate light intensities @5 pEnfsec’) lead to an unbalance
between absorption and @@ssimilation capacity resulting in significant ogas in the
expression of photosynthetic genes dtgH, psbA, fcp (Mock and Valentin 2004). EST
libraries established under low temperature, higlingy and low light contained genes for
unusual fucoxanthin chlorophyll binding proteirisp], antifreeze proteins and many stress
related proteins (Mock and Valentin 2004; Mock ét 2005). The application of chip
technologies will deliver more data on stress eglagene expression in these extremophilic
organism leading to a better understanding of thngsiplogical basis of such an extreme

environmental adaptation capacity.
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12. Conclusions

The understanding of the metabolic differencesvben diatoms and green algae is not only
important for basic research but also for applegsons. For instance several models for the
assessment of the primary production in a givenrenment have been developed on the
basis of the assumption that the electrons libdr&tem PS 1l will be used for biomass
formation in a rather taxon-independent manner. éi@, it was recently shown by Wagner
et al. (2006) that in diatoms the alternative etectcycling is significantly lower than in
green algae, especially under the conditions difctdlating light conditions close to the
situation in true nature. This higher efficiencybiomass formation may be related to many
processes: reduced costs for pigment biosynthdsrs,photoprotection, prevention of
photorespiratory losses etc. The fact that thessacbprocesses are mechanistically not

uniform in all phototrophs is a new challenge fog post-genome research.
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Table 1

Enzyme Name

Gehén

T. pseudonana

Gene

Model?

1 glutamyl-tRNA synthetase GTS newV2.0.genewise.91.91.1
2 glutamyl-tRNA reductase GTR newV2.0.grail.31.102.1
3 glutamate-1-semialdehyde aminotransferase GSA newV2.0.genewise.6.14.1
4 5-aminolevulinic acid dehydratase ALAD newV2.0.genewise.38.321.1
5 porphobilinogen deaminase PBGD newV2.0.genewise.37.9.1
6 uroporphyrinogen lll synthase UROS newV2.0.genewise.159.2.1
7 uroporphyrinogen Il decarboxylase UROD1 newV2.0.genewise.20.4.1
UROD2 newV2.0.genewise.8.981.1
UROD3 see Lohr et al., 2005
8 coproporphyrinogen Il oxidase CPX1 newV?2.0.genewise.69.87.1
CPX2 newV2.0.grail.67.2.1
9 protoporphyrinogen IX oxidase PPX newV2.0.genewise.64.58.1
10 protoporphyrin IX Mg-chelatase subunit D CHLD newV?2.0.genewise.15.180.1
protoporphyrin IX Mg-chelatase subunit H CHLH1 newV2.0.genewise.28.59.1
CHLH2 newV2.0.genewise.51.106.1
protoporphyrin IX Mg-chelatase subunit | CHLI encoded on plastid genome
11 Mg-protoporphyrin IX methyltransferase PPMT newV2.0.genewise.221.3.1
12 Mg-protoporphyrin IX monomethylester cyclaseisuibl CHL27 no homolog detectable
13 divinylprotochlorophyllide reductase DCR1 newV?2.0.grail.19.47.1
DCR2 newV2.0.grail.16.48.1
14 light-dependent NADPH:protochlorophyllide oxidductase = POR1 newV2.0.genewise.17.695.1
POR2 newV2.0.grail.34.35.1
15 chlorophyll synthase CHS newV2.0.grail.1.376.1
16 geranylgeranyl reductase GGR newV2.0.genewise.45.144.1
21 1-deoxy-D-xylulose-5-phosphate synthase DXS newV2.0.grail.6.114.1
22 1-deoxy-D-xylulose-5-phosphate reductoisomerase DXR newV2.0.genewise.200.8.1
23 4-diphosphocytidyl-2-C-methyl-D-erythritol syase CMS newV2.0.genewise.25.439.1
24 4-diphosphocytidyl-2-C-methyl-D-erythritol kires CMK newV2.0.genewise.20.382.1
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(newV2.0.genewise.584.6.1)

25 2-C-methyl-D-erythritol 2,4-cyclodiphosphate shase MCS newV2.0.genewise.432.1.1
26 1-hydroxy-2-methyl-2-(E)-butenyl-4-diphosphayaithase HDS newV2.0.genewise.35.14.1
27 isopentenyl- / dimethylallyl-diphosphate synthas IDS newV2.0.genewise.11.7.1
28 isopentenyl diphosphate isomerase IDI1 (cytosol?) newV2.0.grail.19.78.1

IDI2 (plastid?) newV2.0.grail.195.10.1
29 geranylgeranyl pyrophosphate synthase GGPPS newV2.0.grail.250.7.1

(newV2.0.genewise.727.3.1)

30 phytoene synthase PSY1 newV2.0.genewise.11.351.1
PSY2 newV2.0.genewise.26.99.1
31 phytoene desaturase PDS1 newV2.0.genewise.2.588.1
PD2 newV2.0.genewise.39.227.1
32 (-carotene desaturase ZDS newV2.0.genewise.29.9.1
33 carotenoid isomerase CIS No obvious homolog,

but up to 6 related genes

34 lycopeng-cyclase LCYB newV2.0.genewise.5.899.1
35 caroten@-hydoxylase CHYB newV2.0.genewise.35.111.1
36 zeaxanthin / diatoxanthin epoxidase ZEP1 (DEP1) newV2.0.genewise.78.73.1

ZEP2 (DEP2) newV2.0.genewise.13.260.1

37 violaxanthin / diadinoxanthin de-epoxidase VDE (DDE) newV2.0.genewise.48.165.1

Summary of the Chl and carotenoid biosynthetic exeg/that have been identified in vascular plants
and of the putative homologous genes found in 8mme ofT. pseudonana. Enzymes from vascular
plants which are involved in the bisynthesis of Blind lutein have been omitted due to the lack of
these pigments in diatom.

1 gene names were chosen to present the catalytitidarof protein products in best way, otherwiskofoed

to gene designations irabidopsis; abbreviations indicative of enzymatic functionrevgreferred. In the
case of multiple commonly used synonyms, see Grasset al. (2004). Throughout the text, the same
abbreviations in capital letters are used for ereyand their coding genes, the latter writtenalicis.

gene models (as of 01.07.2005) accessiblentii://genome.jgi-psf.org/thapsl/thapsl.home.htgéne
models in brackets are redundant, because theoktafifi which they localize is part of a larger $okaf
(with identical nucleotide sequence) containingdtieer denoted gene model.
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Table 2

Plastidic enzymes regulated by TR in Chlorophyt their mode of regulation in diatoms

Calvin cycle

PRK not regulated by TR

GAPDH not regulated by TR

FBPase possibly regulated by TR

SBPase unknown

RubisCO Activase missing in diatom plastids
OPP

G6PDH missing in diatom plastids
Lipid synthesis

ACCase unknown
Starch metabolism

AGPase missing in diatom plastids
ATPase

y subunit not regulated by TR
Malate valve

NADP-MDH missing in diatom plastids

Abbreviations are PRK: phosphoribulokinase; GAPDQ.ceraldehydes-3-phosphate dehydrogenase; FBPase:
fructose-1,6-bisphosphatase; SBPase: sedoheptléddsphosphatase; OPP: oxidative pentose phasphat
pathway; G6PDH: glucose-6-phosphate dehydrogen#@g€ePase: ADP-glucose pyrophosphorylase; NADP-

MAD: NADP-depending malate dehydrogenase.
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Table 3

Summary of Michaelis-Menten Half-saturation const&g for NO;, PQ, and Si uptake and

Ku for Fe (From Sarthou et al. 2005)

Julie please check comment 81

Nutrient Range Mean ( +/- s.d.) n
NO; (LM) 0.02-10.2 1.6 (1.9) 35
PO, (UM) 0.01-8.9 1.2 (2.5) 18
Si (UM) 0.2-22 3.9 (5.0) 25
Fe (M) 5.9 X 1d-1.12 0.35 (0.44) 12
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Algae with primary plastids Algae with secondary plastids
(Chlorophytes, rhodophytes and CER (Diatoms, brown
glaucopyhtes) algae and related algae)

Secondary ¢ M
Endocytobiosis

Primary
Endocytobiosis Gene Transfer

CER

Figure 1: Schematic cartoon describing the putative origin of algae with primary and
secondary plastids by primary or secondary endocytobiosis, respectively. Primary
plastids are supposed to originate from a cyanobacterium that was engulfed by a
heterotrophic host cell and subsequently transformed into an organelle. Living groups are
chlorophytes, rhodophytes and glaucophytes. Diatoms, brown algae, and some related
groups evolved by secondary endocytobiosis: A unicellular ancestor of modern red algae
was taken up and reduced to a plastid. This process resulted in additional membranes
surrounding the plastids. Furthermore the reduction of all cytoplasmic components of the
endosymbiont resulted in a secondary gene transfer and a partial translocation of
metabolic pathways (C: cyanobacterium; P: plastid; M: mitochondrium; N: nucleus, CER:

chloroplast endoplasmic reticulum).
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Figure 2:

General outline of the Chl and carotenoid biosynthetic pathways in diatoms
(not all intermediates are included). The names of the major pigments present
in diatoms are in bold. Arabic numbers denote reactions for which enzymes
have been identified in vascular plants; the respective enzyme names and
putative homologs in the genome sequence of T. pseudonana are given in
Table 1. Dotted arrows indicate hypothetical steps in the pathways comprising
yet unknown enzymatic reactions. For chemical structures of intermediates in
the Chl pathway, see Beale (1999) or Vavilinand Vermaas (2002), for those of
intermediates in the MEP pathway, see Rodriguez-Concepcion and Boronat
(2002), and for later carotenoid intermediates, see Cunningham and Gantt
(1998) or Hirschberg (2001
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Figure 3: Model of the FCP including pigments. The secondary structure is based on
sequence homology with LHC proteins (Eppard and Rhiel 1998) and pigments are
arranged taking into account conserved binding sites as well as spectroscopic results
(Papagiannakis et al. in press): Chl c is located in close vicinity to Chl a and two
fucoxanthins are arranged in the same way as luteins in LHCII. Note that due to the
lack of data the porphyrin ring systems of the Chls are completely randomly oriented
and due to little homology in the area of helix 2 no evidence is available for the
binding sites of the two other fucoxanthin molecules (marked with a question mark).
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Figure 5. Reaction sequence and enzymes of the violaxanthin and
diadinoxanthin cycle. The Vx cycle is present in higher plants and green
and brown algae, the Ddx cycle is found in diatoms, Dino-, Xantho- and
Haptophyta. Fig. 5 also shows the cofactor requirements of the enzymes
catalyzing the de-epoxidation reaction (VDE and DDE) and the epoxidation
reaction (ZEP and DEP), respectively. Arrows behind the cofactors indicate
whether high or low concentrations of the respective cofactors are needed
for high enzyme activity. Fig. 8 also indicates that the proton gradient
inhibits Dtx epoxidation (high ?pH control) whereas Zx epoxidation is
unaffected by the presence of the trans-membrane ?pH. Fig. 8 furthermore
depicts the pH-range of the thylakoid lumen where VDE and DDE activity
can be observed.



Y Photorespiration

Figure 6: Scheme of the thylakoid membrane and the putative fate of photosynthetic
electrons in the chloroplast
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Figure 7. Metabolic pathways interconnecting the chloroplast, the mitochondrium
and the peroxisome. In the case of diatoms the following pecularities deviate from
the pattern of ,green cells*

- no oxidative penthose phosphate pathway

- no 3-oxidation in glyoxysomes

- no catalase in glyoxysomes

- C4-acid metabolism

- storage of carbohydrates in the cytosol

- existence of a complete urea cycle ?



