Effects of multiple abiotic stres&son gene

expression inSaccharina latissimgPhaeophyceae)

von Sandra Heinrich

University of Bremen
March 2012



*
Alfred-Wegener-Institut = L
W I fiir Polar- und Meeresforschung Unlversrtat Bremen
in der Helmholtz-Gemeinschaft

Effects of multiple abiotic stres&son
geneexpression inSaccharina latissima

(Phaeophyceae)

DISSERTATION

zur Erlangung des Akademischen Grades eines
Doktors der Naturwissenschaften

(Dr. rer. nat.)

Fachbereich Biologe/Chemie

Universitat Bremen

vorgelegt von
Sandra Heinrich
Méarz 2012



Gutachter: 1. Prof. Dr. Christian Wiencke
2. Prof. Dr. Kai Bischof



Contents

Contents
ERKLARUNG GEMASS § 6 (5) ...ccuveiuietieieeuieiteecieemsaeesteeeteeteetesvessvesmsssesseesreensesnneaneas l.
SUMMARY ittt ee ettt e e aaanr e ——— e et et ettt eaaeeee e e aaa—at et aaaaaeaaaaaaaaaaaan 1.
ZUSAMMENRFASSUNG ...cooiiiiiiiiiiiiieees sttt s et e e e e e e e e e e e e s smmeee s V
ABBREVIATIONS oot eeee s e e e e annnssssnneneees IX
LIST OF PUBLICATIONS AND DECLARATION OF CONTRIBUTIONS ................ X
IR [ (0T ¥ Tod 1 [ o OSSPSR 1
1.1 MAriNe MACIOAIJAE. .......uuuuiiiiiiiiiiiii ettt rmmme e neeaes 1
O =T [ F= T = 1 T PO PPPP PR RPPPPR 2
1.1.2Saccharina [atiSSIMA..........ceeeuuiiiiiiiiir et eeere s e e e e e e e e e e eeeeen 3
1.1.3 Macroalgae in Arctic enviroNmMentS.............ooeevvvvvvvimmmeeeeeeeeeeeenenienisssssmmmeenen 4
1.2 Effects of abiotic StreSS 0N MacCrOalgae...........uuuveiiiiiiiiiieeeiiiiiiieeeeee e 5
1.2.1 Single stress effects: Temperature and radiatian...............cccooeeeeeeeeeeeeenne, 5
1.2.2 Multiple StreSS effECtS.....ociiiiiiieie e 6.
1.2.3 ReaCtiVe OXYJEN SPECIES......cceeeeiiiiiieeeeieeee e e ettt as 7
1.3 Global environmental Changes...............uuuiiiiiiiiieeeiiiiii e 8
1.4 FUNCLIONAI GENOMICS .. .uuiiiiiie e eeee e e e e e e e e 10
1.5 AIM Of the theSIS.....ooeiiiiee e e 11
2. MethOdOlOQICAl ASPECES ... .uuuiiiiiiiiiiiiie ittt eeeeaas 12
2.1 Algal MALEIIAl ... .uueeeiei e ————————————- 12
2.2 Exposure to artificial defined stress CONditioNS.............cooevviiiiiiiiccce e, 13
2.3 PhotosynthetiC measuUremMeNntS...........uuiiiiiiiiiiiii e e e eaaes 14
2.4 Molecular MEtNOAS. ........uueiiie e eerrer e e e e n—ne s 15
3. SUMMANY OF TESUILS.....utiiiiiiiiii i e e 17
3.1 Characteristics of the EST library........ccoooeiiiiiiiiiiiieeee e veeee e 17
3.2 Short term acclimation to high PAR and temperature stress physiological and
MOIECUIAI FTESPONSES.....eviiiieiiiiiii et eeee et e et e e e e eeeer e e e e e et e e e e e eetba e e anaeeeeees 20
3.2.1 Transcriptional regulation of metabolic processes...........ccccccccviccvveeevivnnnnns 22
3.2.2 Photosynthesis and transcription of correlated genes............cccccevveeeeeennnn. 22

3.2.3 Induction of ROS scavengers and heat shock proteins...........cccceeveeeeevnnns 23



Contents

3.3 Short term acclimation to UVR and temperature stres$ physiological and

MOIECUIAT TESPONSES......eeeiiiiiiiiee et e e e e e e e e e e e e e ettt aeeer e e e e e eaaaeeeeeeeessesse s nnnreeeees 24
3.3.1 Photosynthesis and transcription of correlatedsgene.............cccccvvieeevvnneee. 24
3.3.2 Induction of DNA replicatioand repair ENZymes.............coevvvvvvvvvimmmneeeeeeennnns 25
3.3.3 Induction 0f ROS SCAVENQEIS........ceieiiiiiiiiieiiieee e ee e eeeeaeeees 25

3.4 Long term acclimationi physiological and molecular responses to high PAR, UVR

AN TEMPEIATUIE.....eeieiieeeeeee et e et e e e e s eeers b e se e e e e 26
3.4.1Transcriptional regulation of metaboliC processes..........ccccvvvvviccreeeeevnnnnnns 27
3.4.2 Photosynthesis and transcription of correlated genes............ccccvveeeevnnneee. 27
3.4.3 Induction 0f ROS SCAVENQEIS........cccceiiiiiiiiiiieeee e eeeeeeeeeeeee e eeeenneees 28

3.5 Comparison of gene expression under UV radiation in fieldnd culture grown

SACCNANNA [ALISSIMA. .. .eviiiiiiiiiiiiiie e ne e 29
3.5.1 Photosynthesis and transcription of correlated genes...........ccccccvvveeeeeeen.e. 30
3.5.2 Induction of DNA replicatioand repair ENZymes..............ooevvvvvvvvimmmeeeeeeeennnns 31
3.5.3 INAUCtION Of ROS SCAVENQUEIS. ... uuuuiiiiiiiiiiiieiieeeterereeeeeeeeeeeeeeeeeeesamareeeeeeaeaees 31

4. SYNOPSIS OF AISCUSSION. ....ceeiiiiiiiiiiiiii et emee e ee e 32

4.1 EST library - a costeffective genomic reSOUICE.............cccovvvvieiiiieeeeeeeeeeeeeeeeeinnns 32

4.2 Short term acclimation to abiotiC StreSS..........oooeviiiiiiiiiiice e 34
4.2.1 Effects ohigh PAR and temperature StreSS..........ouvvvvivviiiccmeeeeerviiiieee e 34
4.2.2 Effects of UVR and temperature StreSS..........ooovviiieiiimemneeesisiiiiiiiieeeeee e 37

4.3 Longterm acclimation to high PAR, temperature and UVR stress.................... 39

4.4 Comparisonof gene expression in field and culture growi®accharina latissima41l

T @0 T 113 . P PUPPRPPPP”

4.6 FULUIE PEISPECIIVES. ....uvvetiiiiii e e et e e e e e e eeeeice e e e e e e e e e e e e e e e e et et eeneeeaeaeeeeeeeeeeseeasnannmmne s 46

] (=] (= o > PR ¥ 4
ACKNOWIEUAGEMENTS. .....ui it e e e emmr e e e e e e et e e e e e s aanneeessaaeeas 59
0 o] 1= 10 P 61
0] o] [Tor= 14T ] o T PP 62
0 o] 11> 11T o T 1 73
0] o] TTor= 14T o T 1 | 103

PUDICALION 1V oottt e e et e e e e et e e e e e e e e e e e e e e e anme e e e e e e aeneenes 138



Erklarung

Sandra Heinrich
Friedrichrodaerstr. 32
28205 Bremen

Erklarung gemal § 6 (5) der Promotionsordnung der Universitat Bremen
fur die mathematischen, natur und ingenieurwissenschaftlichen
Fachbereiche vom 14. Marz 2007

Hiermit erklare ich, Sandra Heinrich, dass ich die Arbeit mit dem Titel

AEffects of multiple abiotic stresses on gene expression in

Saccharina latissimd Phaeophyceae) 0

1. Ohne unerlaubte fremde Hilfe angefertigt habe,
2. Keine anderen als die angegebenen QuelhehHilfsmittel benutzt habe
3. Die den benutzten Werkewortlich oder inhaltlich entnommenen Stellen als solche

kenntlich gemacht habe.




Summary

SUMMARY

Marine macroalgae arglobally distributed onrocky coastal shore$rom tropical to
polar egions. Theyare important marine coastal primary producemsd of particular
importance to the function of many ecosystelteps, brown algae of the ordeaminariales
dominate rocky shores of cetdmperate regionsThere, theyhelp to structurethe
biodiversity of coastal ecosystems by forming huge forests, whiokide habitas and
nurseries for various marine organism#$ie distribution of kelpis constrained bybiotic
factors like lightincluding UV radiation and temperature. Future global environmental
changescould therefore have apotentially significant impact on geographic distribution
patterns, vertical zonation, and primary productivity of kdlpe kasic physiological and
ecophysiological characteristics of kelps are well studied. Several physiological $iavkes
beenperformedon kelp, primarily on the effects of single abiat stressors, e.g. UV radiation
and temperature. Onlg few projectshave focged on the interactive effects of multiple
stresses. So far, no study is available on the molecular processes underlying physiological
acclimation to abiotic stress factdrsthese important organismghis thesis represents the
first largescale transcptomic study of acclimation to abiotic stress in a kelp speeied
aims oninvestigatingmolecular mechanisms underlying physiological acclimation to multiple

abiotic stresses iBaccharindatissimafrom the Arctic (Spitsbergen).

Young sporophytes ofSaccharina latissimawere exposed in multifactorial
experiments to different combinations of photosynthetically active radiation, UV radiation
and temperature for durations of 8h, 24h and 2 weeksrder to observeéhe degreeof
photoinhibition in respose to different exposure conditions, maximum quantum vyield of PS
Il (Fv/Fm) was measureat the beginning and at the end of the experimehisDNA library
from RNA sampled under various light and temperature regimes was constfacted
subsequent functi@h genomic studies on the mechanisms and pathways invirlveidess
acclimation to multiple stressorGene expression profiles under abiotic stress were assessed
by microarray hybridizationsThereby two different stress exposure durations, 24hours and 2
weeks, were applied to distinguish molecular mechaniginshortterm versus longerm
acclimation to stresg:inally, a comparative approach investigating gene expression profiles
in bothlaboratory and field grown sporophytes was cardettoelucidate interactive effects

of UVR, temperature and growth conditions.
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The established cDNA library consists 490,503 ESTs, which were assembled to
28,803 contigs. Sequence comparispn BLASTX, Intepro proteinmotif annotation, and
Gene Ontology (GOyielded inputative functions or orthology relationships for over 10,000
contigs. Comparative analysis with the genome Ef siliculosusrevealed high functional
genomiccoverage of 70% of the cDNA librarfhe cDNA library is representative of ti&
latissima transcriptome under the tested conditions and displays a rather complete gene
catalogue of the speciels.therefore constitutes an excellent basis for subsedueational

genomic studies omolecularacclimation to multipletsessesn Sacchaina latissima.

S. latissimaresponds to abiotic stress with a multitude of transcriptional changes.
Temperature hada smaller influence on metabolic processes than light. Two main
temperature effects were observé&h the one handinduction of genes associated with the
glycine, serine and threonine metabolism in response to low tempeiatdren the other
hand repression of transcripts encoding carbohydrate biosynthetic and catabolic processes at
high temperatureGeneralstressresponses observed sporophytes subjected to high PAR
include induction of catabolic processes for energy suppigat shock proteingand
antioxidant enzymes.

The combination of the stress factors high PAR, UVR and temperature caused
interactive effecton photosynthesiand gene expression. Theredxgessive light att7°C
was the most destructive stress conditionSolatissimaresulting in a strong repression of
severalcrucial metabolic processes, e.g. photosynthesis, carbohydrate metabolismiaad am
acid metabolismAcclimation to high irradiance at low temperatuiesludes enhanced
induction of glycine, serine and threonine metabolipoientially as a consequence of a
higher demanaf glutathione (GSH), a reducing €actor for several enzymeasvolved in

reactive oxygen species (ROS) detoxification.

Reactive oxygen species formation (ROS) displays a central element of abiotic stress
response.The observedregulation of various ROS scavenging enzynresresponse to
temperature, high PAR and UVR stress demonstrates the crucial role of ROS metabolism
acclimation to abiotic stress B. latissmalnterestingly, gene expression data bexdence
for the existence of compartment specific ROS scavengieghanismsin S. latissma
Furthermoresophisticated regulation of Hsp&s observedvhich is involved in acclimation
not only to temperature but also to combined environmental stregshsashigh PAR in

combination with high temperature



Summary

Short and logterm a&climation to UVR includes enhanced regulation of
photosynthetic components.g. light harvesting complex proteins, thylakoid proteins and
proteins associated with both photosysten@ene expressiomanalysis showed that
photosystem 1l exhibits &igher susceptibility towards UV radiation than photosystem 1.
Furthermorerepair of UV damaged PS Il reaction centre seems to function by increasing the
transcript pool for transcripts associated with PSTHe observed induction of vitamin¢B
biosynthesis after aBhort and longterm UVR treatmentseems to be a crucial component
of UVR acclimationin Saccharin latissimaOnly short acclimation to UVR causedhanced
regulation of DNA replication and DNA repaifhree different DNA repair pocesses,
photoreactivationhomologous recombination, amdicleotide excision repawere detected
indicating asophisticated regulation of different DNA repair procesges.no enhanced
regulation of DNA metabolism was detected after the 2 weeks UVRsarpexperimentss.
latissimaseems tdoe ableto acclimate to UVR radiation anid overcome the negative effects
of UV radiation on DNA.

Finally, comparisons ofiene expressioprofilesin field and cultivatedsporophytes
were conductedLarge differences in gene expressitetween culture and field material
were observedPrincipal effects of UVR, targeting mostly photosynthesis and DNA, were
similar in culturel and field sporophytegjemonstratindaboratory experimentbeing well
suited to nvestigate basic molecular mechanisms of acclimation to abiotic stréksestudy
revealedthat field sporophytes exhibit a higher susceptibility to UVR and a higher oxidative
stress level at 12°Qyhereascultivatedsporophytesn contrastmust make stmger effors to
acclimateto UVR at 2°C. These findings are mostly due to the different growth temperatures
of between-3°C and 1°C for field sporophytes versus 10°C for cultivated sporophytes.
However, the resulténdicate that old acclimation ofS. laissimafrom the field caused
metabolic alterations to increase stress performance at low temperatoictsconcurrently
led to higher susceptibility at 12°C.

This thesispresentsan initial idea on the complexity of molecular acclimation to
abiotic stress irBaccharina latissimalrhe molecular data obtained by this study improve our
understanding on rEss response in a kelp species and provide a useful platform for future
researclregarding molecular approaches in kelpis project érthermore demonstrates the
importance of research on interactiaisabiotic stressesn boththe physiologicabhs well as

on the molecular level. Thesults of the comparative gene expression studyltured and

A\
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field sporophytesighlight the influence of growth conditions @molecularacclimation to
stress and underscotiee importance of conducting experiments with field material, when
aiming to predict effects of changing abiotic factors in thdield.

ZUSAMMENFASSUNG

Marine Makroalgen sington tropischerbis polaren Regioneweltweit verbreiteuund
stellen wichtige Primarproduzentamd Schlisselorganismen in Kistendkosystenaken
Brawnalgen der Ordnung Laminarial¢kelps) dominieren die Felskisten kaemaligter
Regionen, wo sigroReUnterwasserwaldebilden, die als Habitat, Nahrungsgrundlage und
Kinderstube flir viele verschiedene marine Organisnd@nen und so ein wichtiges
Strukturelement irKlstenolosystemen darstelh. Die geographischeevbreitung aber auch
dasvertikale Zonierungsmuster der Laminarialesd durch abiotische Faktoren, wie z.B.
Licht und Temperatur, bestimmt.Daher ist anzunehmen, dasslie globala
Umweltveranderungen die Verbreitung, Tiefenveuray und Leistungsfahigkeit der
einzelnen Arterverandern

Die grundlegenden physiologischen und 6kophysiologischen EigenscHaftkelp-
Arten sind gut erforschitin vielfaltigen physiologischa Studien wurderisherhauptséchlich
Untersuchungen zdenAuswirkungen einzelner abiotischer Faktoren, wie z.B-8fvahlung
und Temperatyrdurchgefuhrt Die Reaktion von Kelp auf interaktive Einflisse aus dem
Zusammenwirken mehrerer Faktoren hingegen ist bisher weitgehend unerforscht. Trotz ihrer
grol3en o©kologishen Bedeutung sind die auf molekularer Ebene zugrunde liegenden
Prozesses der physiologisch&npassungan abiotische Stressoréei Kelps nur lickenhaft
untersuchtDiese Doktorarbeit stellt die erste umfassende Studie auf Transkriptionsebene zur
Anpassung an abiotischen Stress in einer Hatpaus der ArktisSaccharina latissimedar.
Hauptzieldieser Arbeit ist didJntersuchung der molekularétrozesse der physiologischen

Akklimatisationan mehrere abiotische Stressoren



Zusammenfassung

JungeS. latissimaSporophyten sind fur 8 Stunden, 24 Stunden und 2 Wochen in
multifaktoriellen Experimenten verschiedenen Kombinationen von photosynthetisch aktiver
Strahlung (PAR), UV Strahlung und Temperatur ausgesebrden. Zur Erfassung der
physiologischen Fitness ist die photosynthetische Effizienz von Photosystem Il (Fv/Fm) am
Anfang sowie am Ende der Experimente gemessen worden. Als Grundlage fur funktionelle
genomische Studien der Strakklimatisation wurde ws der RNA der exponierten
Sporophyten eine cDNA Datenbank erstellt. Darauf folgend wurden mit Hilfe von Microarray
Hybridisierungen Genexpressionsprofile unter abiotischen Stress erstellt. Zum Vergleich
molekularer Mechanismen von Kurzzeiind LangzeHAnpassung ist ein 24 stundiger
Versuch und ein 2 wdchiger Versuch auf transkriptionaler Ebene untersucht worden.
Abschliel3endwurden vergleichend Genexpressionprofile in Freiland und Kulturmaterial
untersucht, um die Auswirkung verschiedener Wachstumsipeayen auf die Anpassung an

UV Strahlung und Temperatur zu erforschen.

Die erstellte cDNA Datenbank besteht &@9,503 ESTs, welche zu 28,803 Contigs
assembliert wurden. Mit verschiedenen Methoden konnten tber 10,000 Contigs mutmalfliche
Funktionen oder orthologische Beziehungen zugeordnet werden. Ein Vergleich der
Sequenzen mit dem Genom viBnsiliculosuszeigte dass die cDNA Datenbank ca. 70% des
funktionellen Genoms abdeckt. Die cDNA Datenbank reflekienit einen reprasentativen
Teil des Genoms und kann als weitgehend kompletter Genkatalog dieser Art angesehen
werden. Sie stellt dmit eine hervorragende Basifir weitere molekulargenetische

Untersuchungen dar.

Saccharina latissima reagiere auf abiotischen Stress mit einer Vielzahl an
Anderungen auftranskriptionaler EbeneDer Faktor Temperatur hatte einen geringeren
Einfluss auf metabolische ProzessesdalisFaktor Licht. Zwei allgemeine Temperatureffekte
wurden beobachtetinerseitsdie Induktion von Genen des GlyeirSerir und Threonin
Stoffwechsels bei niedrigen Temperaturen, andererseits die Repression von Transkripten des
biosynthetischen und katalischen KohlerhydratStoffwechsels bei hohen Temperaturen.
Hohe photosynthetisch aktive Strahlufighrte zur hduktion katabolischer Prozesse und zur
Induktion von Hitzeschoclroteinen sowieProteinen mit antioxidativer Funktion. Die
Kombination der Stissfaktoren hohphotosynthetisch aktive Strahlyngemperatur und UV
Strahlungfuhrte zuinteraktiven Effekten in der Photosynthese und der Genexpresgion

schadlichsten wailir die Algedie Kombination von hoher Lichtintensitat uddr hochsten,

Vi



Zusammenfassung

getesteen Temperatyr 17°C. Unter diesen Bedingungen wurdemwichtige
Stoffwechselprozesse, wie z.Bie Photosynthese und d&ohlerhydrat und Aminoséaure
Stoffwechselgehemmt Akklimatisation an hoh@hotosynthetisch aktive Strahlungd tiefe
Temperaturerfitihrte zuverstarkte Induktion desGlycin-, Serin und ThreonirStoffwechsels,
maoglicherweisaals Konsequenz eines erhdohten Bedarfes an Giotateinem wichtigen Go

Faktor vonEnzymen, die am Abbau reaktiver Sauerstoffspezies (ROS) beteiligt sind.

Die Bildung reaktiver Sauerstoffpezies stellt ein zentrales Element der abiotischen
Stressatwort dar. DienachgewiesenBegulation diverser RO8etoxifizierender Enzyme als
Reaktion auf Temperatuund Lichtstress zeigt, dass ROS eine wichtige Rolle spieleer
Anpassung an abiotischen Stress Sn latissima Die Untersuchungen ergabesrstmals
Hinweie auf die Existenz #&mpartimentspezifischer RO&\bbauMechanismenbei S.
latissima Ferner wurde beder Temperaturanpassyngnd auch bei der Anpassung an
kombinierte Faktoren, wie z.B. holphotosynthetisch aktive Strahlumg Zusanmenspiel
mit hohen Temperaturezine komplexdregulation von Hitzeschock Proteinee@obachtet.

Langzeit sowie Kurzzeitanpassungn UV-Strahlung fihrte zu eimeerhdhten
Regulation von photosynthetischen Komponenten, wie z.B. Thyldkoiginen,
LichtsammelkomplexProteinen und Proteinen der beiden Photosysteme.
Genexpressionsanalysen zeigten, dass Photosystem Il anfalliger gegeniber UV Strahlung ist
als Photogtem |. Die Reparaturmechanismen von -duzierten Schaden am Photosystem
Il scheinenzu eing Erhéhung des Transkriptpools von Photosystem Il Komponenten zu
fuhren Ein herausragendes Merkmal war die verstarkte Induktion des Vitargin B
Stoffwechsels nacKurzzeit und Langzeitbestrahlung mit UV, welche eine wichtige Rolle in

der Anpassung an UV StrahlungSaccharin latissimau spielen scheint.

Erhohte Regulation von DNAReplikation und DNAReparatur wurde nur nach
Kurzzeitbestrahlung mit UV nachgewmn. Hierbei wurde ein Zusammenspiel deNA-
Reparaturmechanismen Photoreaktivierung, homologe Rekombination und
Nukleotidexzisionsreparatureobachtet. Dies weist auf eine hochentwickBlégulation der
verschieden DNAReparaturprozesse hin. Da nach defd@henLangzeitversuch keine
verstarkte Regulation des DNA Stoffweclssmlehr beobachtet wurde, schetlatissiman
der Lage zu sein, sich an WUStrahlung anzupassen und durch-8¥ahlung entstandene

DNA-Schaden zu tUberwinden.

VIl



Zusammenfassung

Der abschlieRende Vergleich von Genexpressionsprofilen in  Kultwmnd
Freilandmaterial vonSaccharina latissimaeigte Unterschiede in der Genregulation auf.
Hierbei wurden groRe Unterschiede in der Anzahl der regulierten Gene beobachtet.
Andererseits waresichaberdie allgemeinen Effekte von US8trahlungund die Schadigung
von Photosynthese und DNA &hnlich. Dissil3t dass Laborexperimente gut geeignet sind
um grundsatzliche molekulare Anpassungsmechanismen an abiotischen Stress zu untersuchen.
Im Einzdnen zeigtesich eine héhere Anfalligkeit von Freilar8porophyten gegenibé&lV-
Strahlung und eine erhéhten Grad @xidaivem Stress bei einer Temperatwyon 12°C,
wohingegen Kulturmaterial grof3ere Anstrengungen unternehmen muss, um sich eine
Temperaturvon 2°C anzupassemieses Ergebnis ist weitgehend auf die unterschiedlichen
Wachstumstemperaturen (zwische8fC und 1°C fur Freilandporophyten und 10°C flr
Kulturmaterial) zurtickzufiihren. Jedoch lasetsés Ergetiis auchdarauf schlie3en, dass die
Kéalteanpassung von Freilandmaterial zu Anderungen im Stoffwechse dignzwar eine
erhohte Stressresistenz bei niedrigen Temperaturen zur Folgealhatr gleichzeitig auch zu

einer hoheren Anfalligkeit gegentber einer Temperatur von 12°Cfihrt

Diese Doktorarbeirzeigt die Komplexitat der molekularen Anpassung an abiotischen
Stress inSaccharina latissimaDie in dieser Arbeit erlangten molekularen Daten erweitern
unser Verstandnis in Bezug auf die Stressantwort einer-KitJpund stellen ein get
Grundlage fir weere molekulare Studien dar. Desléren zeigt diese Arbeitie wichtig es
ist, Interaktionen zwischen zwei oder mehreren abiotischen Stressfaktoren auf
physiologischer sowie molekularer EbeneuntersucherDie Ergebnisse der vergléenden
Genexpressionsstudie zeigen wie das Wachstum unter den verschiedenen
Expositionsbedingungen von demolekularen Prozesseder Stressanpassuadphangt,und
unterstreichen didBedeutungvon Versuchen mit Freilandmaterial bei der Vorhersage der
Folgenveranderter Umweltbedingungen im Freiland.
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Introduction

1. Introduction

1.1 Marine macroalgae

Marine macroalgae are distributed on rocky coastal shores throughout the world's
ocean(Reiskindet al, 1989; Luning, 1990)They serve a multitude of ecosystem functions,
and are therefore commonly recognized aakey species inhelping to structurethe
biodiversty of coastal ecosystem@ischof et al, 2006; Tait and Schiel, 2011Marine
macroalgae play a critical role in primary production, and account for up to 10% of the global
oceanic primary production, even though they cover only a smaémtage of the area of the
worldés oceas (Smith, 1981; CharpRoubaud and Sournia, 1990Jhey furthermore
constitute important habitébrming components of rocky shore ecosystéBsgginset al,

1990; Bertnes®t al, 1999; Pearsoet al, 2010) In addition to theirvalue to ecosystem
function, they are of significant economic importan@iéader and Figueroa, 1997 hey
comprise a marine source for fo@dabeau and Fleurence, 1993; Fleurence, 198ig)nic

acid (Crépineauet al, 2000) as well as for biochemical compounds and pharmaceuticals
(Waalandet al, 2004;Roederet al, 2005)

The distribution of macroalgais limited by abiotic factorsas well asby biological
interactions both on a biogeographic scale as well as on a local die geographic
distribution of marine macroalgae psimarily constrained by their temperature demands for
growth and reproduction, as well as by temperatureaoter of the different lifeycle stages
of specieqvan den Hoek, 1975, 1982, 1982) major factor determining depth distribution
of macroalgae is theability to resist high solar radiation; studieave showrthat specie®
sensitivity to short wave UV radiation plays an important role in shaghegvertical
distribution of marine macroalga@®larkager and Sandensen, 1992; Hanedit al, 1997,
Bischof et al, 1998; Hanelt, 1998; Wiencket al, 2006) Other abiotic factors influencing
depth distribution are e.gplerance talesiccation andadinity (Schonbeck and Norton, 1978;
Dring and Brown, 1982; Davison and Pearson, 1986&hould however also be notéuht
biological interactionssuch agnterspecific competition and grazinglso have an effect on
the vertical distribution patterns of macroalg@@hapman, 1974Hruby, 1976; Lubchenco,
1980)
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1.1.1 Laminariales

Macroalgae of the rod e r Lami nar i ad eisdributedfromficélce fop 0 )
temperate region®f the Arctic to the Antarctic(Lining, 1990; Laneet al, 2006)
Phylogenetic widieson the Laminariales suggest that ancestdrhe genud.aminariahave
originally evolvedin the North Pacific and radiated to the North Atlantic and the Arctic
during the latest Pliocene or Pleistocénaneet al, 2006; Adeyet al, 2008)

Members of the Laminariales exhibie very high degree of morphological and
anatomical specialisation among all alg&aunders and Druehl, 1992heir life history is
characterized by a compleiaplodiplophasic life cycle in which microscopic haploid
gametophytes alternate with macroscopic diploid sporoph§g@asvageau, 1915)hat in
some species can reach a length up to €0Onbb, 1954) Many of the kelps species are
annuals, but some are perengjia@.g.Laminaria hyperboreawhich has a lifespan up to 20
years(van den Hoelet al, 1995)

Kel ps form huge submarine forests (dkelop
highly productivecomponents of coltemperate ocear(Stenecket al, 2002; Bischokt al,
2006; Lare et al, 2006) Extensive kelp forests represent some of the most productive marine
ecosystems in temperate regi@R#illips et al, 2011) and are the largest biogenic structures
found in benthic marine systerfi3ayton, 1985) These structures offer foogotection from
predators and nurseground for e.g. fishes and invertebrat@3ugginset al, 1990; Steneck
et al, 2002; Carlseret al, 2007) Little of kelp-produced biomass iactually consumed
directly byherbivoresit rather entershe detritus based food welmdthereforerepresents a
significant source of nutrition for coastal marine ecosyst@ngginset al, 1989; Kaehleet
al.,, 2006; Bartschet al, 2008) In addition kelp canopies profoundly altethe local
environmenthrough wave dampening ameduction of alongshore curreni&heir influence
in the flow of water has further downstream consequences on such associated processes as
sedimentation and coastal eros{@ackson and Winant, 1983; Jackson, 1984; Eckehah,
1989)
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1.1.2Saccharima latissima

The perennial kelgSaccharina latissimglLane et al, 2006) (formerly Laminaria
saccharina L. (Lamoul) is distributedin a circumpolar fasbn across thenorthern
hemisphere, anis commonfrom polar to temperate coastal waté€Bolton et al, 1983;
Borumet al, 2002) The wide geographic distribution of this species suggests a high capacity
for climatic adaptionThe pesence of dense standsSflatissiman polar egions indicate
that this species possesses a high acclimation potential to cold temperature and low light
(Kirst and Wiencke, 1995; Borust al, 2002)

Growth sies of S. latissimaare both clear and turbid coastal waters, from the
intertidal down to 30 m depth; consequentihat speciess exposed to a wide range of
temperature and light conditiof&erard, 1988)Growth inS. latissimas limited by light on
a seasonal basis and light availability often determines the maximum depth for survival.
Hence the ability to maintain a positive photosynthesis and growth wnderiety of
environmental conditions is important for the broad distribution of this spgdciagg, 1979,

1990)

The wide latitudinal and vertical distribution of this species is thought to be associated
with ecotypic differentiation opopulations with respect to light and temperature. Different
light and temperature traits were reported for sporophytes and gametoph@tektigsima
from the Long Island Sound (USA) and the Atlantic coast from Maine (U&rard, 1988;
Gerard and Dubois, 1988; Gerard, 1928) well as for gametophytes from Spitsbergen
(Norway) and Helgoland (GermanyMdiller et al, 2008) The variation in light and
temperature relatelaits is suggested to have a genetic basis, but notit molecular stdies

on ecotypicvariation are missing.
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1.1.3 Macroalgae in Arctic environments

Macroalgae of the polaegions are subjected to strong seasonal changes in physical
and chemical conditions, e.g. an extreme seasonality of light conditions, accompaloied b
water temperaturgKirst and Wiencke, 1995; Zachet al, 2009) In the Arctic annual solar
radiation is 3660% lower than intemperateto tropical regions, and the polar night lasts
approximately2-4 monthdepending on the latitud@tining, 1990) Darkness and the sea
cover cause dim light conditionkight measurements in Spitsbergen (Norway) bedogea
ice cover of 1m thicknesshowed low maximal photon flux densities of 6ol photonam™
s* photosynthetically active radiation (PAR, 4800nm)(Haneltet al, 2001) Studies in the
Arctic fjord Kongsfjorden showed, thattef thebreakup of the sea icdow light conditions
are replaced by high light conditions; due to the clear water PAR and UV radiation
penetrating deeply into the water column, and PAR can increase up tam@dphotonsm
st in 4m depth(Haneltet al, 2001; Bischokt al, 2002; Svendseet al, 2002; Brey, 2009)
The presence of ice not only influences light conditions, but also can lead to mechanical
damage, subsequently influencing macroalgal zonation patterns along coasta(Bdores,
1999; Wienckeet al, 2004; Zacheet al, 2009)

Macroalgae in high latitude regions contribute stroriglgoastal primary prodtigity
and energy fluxesexceeding or equallinghe production ofprimary producers in more
temperate system@Gomezet al, 2009) Despite the constant low temperature and the
extreme and unstable underwater light cbods, rocky coastal shores of polagions
exhibit dense stands of perennial macroal@um et al, 2002) The occurrencand the
high abundancef thesemainly brown algae dominated communitigggests, that they
possess a high adaptional potential for low light and low tempergiimss and Wiencke,
1995) Cold adapted species developed mechanisow) as changes in gene expression
order tomaintain sufficient rates of enzyroatalyzed reactions amdodifications within the
thylakoid membrane system, affecting photosynthetic electron transport, to overcome the

constraints of exposure to low temperat{Easmingeset al, 2006; Gémeet al, 2009)
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1.2 Effeds of abiotic stress on macroalgae

1.2.1 Single stress effects: Temperatui@nd radiation

For sessile organismst is of particular importace to acclimate and adapt to
environmental changes for maintaining cellular function. In plants, extrinsis stsglting
from changes in abiotic factors, e.g. light and temperature is regarded as the most important
stress agenfQureshiet al, 2007) In general enzymeactivity decreass with declining
temperaturg therefore low temperaturesggnificantly alter plant metabolism, physiology and
productivity (Perelmaret al, 2006; Kaplaret al, 2007) Low temperature leads teduced
activity of the Calvin gcle, resulting in a decrease of production for the final electron
acceptoNADP", which may lead to electron transfer from reduced ferredoxin to oxygen and
finally to the formation of reactive oxygen species (R@Bfannschmidt, 2003)High
temperatures cause degradation and dysfunction of proteins, an uncoupling of pathways
resulting intheformation of ROS, whicfi in turn - induces lipid peroxidation(Panchulet al,
2002; Dring, 2006; Lesser, 2006; Timpeeibal, 2008) Investigations on temperature effects
in macroalgadas demonstratdtiat temperature infences e.g. growth rates, enzyaotivity,
photosynthesiand, as a consequenb@&geography of macroalgdEortes and Liining, 1980;
Bolton and Lining, 1982; Luning, 198@avison and Davison, 1987; Davisenal, 1991,
tom Dieck, 1992; Machalest al, 1996)

Solar radiation is essential for carbon assimilation and oxygen production in
photoautotrophic organismiepwever,when irradiances exceed the energy requirements for
photosynthesis, photosynthetic activity decregé@ause and Weis, 1991Yhe impact of
changing irradiance and light quality on physiology of macroalgae has been studied
extensively. Intense photosynthetically active radiation le&alsphotoinhibition and
destruction of potosynthetic componen{&ranklin and Forster, 1997; Hanelt al, 1997,
Altamiranoet al, 2004) Furthermorexcessive light causes phaigidative stress through an
overreduction of the photosynthetic electron transport chain, which leads to the formation of
reactive oxygen species (ROS), e.g. superoxide radical hydrogen peroxidé¢Bischof et
al., 2003; Janknegtt al, 2008; Bischof and Rautenberger, 2012yposure to UV radiation
leads to manifold effects on algal metabolism and physiolmgparticular photosynthesis,
growth and reproductioare negatively affectedfurthermore it disturbs normal DNAase
pairing and leads to the formation of R@%anklinet al, 2003; Bischott al, 2006)
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1.2.2 Multiple stress effects

In the natural environment, plants are seldom subjected to a single stress factor, but
rather to a multitude of abiotic and biotic fact¢rdexievaet al, 2003) Stressors can act
either synergitically, in which case their combined effect is larger than predicted from the
sizes of the responses to each stressor alone; or antagdiyistiberethe cumulative effect
is smaller(Folt et al, 1999) While single &ects of abiotic factors on seaweed physiology are
well studied,very few projectsfocus on combinedinteractionsof various factorsTo date

there arehowever, smestudies on the interaction OV radiation and temperature.

Studies on interactive e&fts of temperature and U radiation on macroalgal
photosynthesifias showrthat the photosynthetic performance of, éltya clathrata Alaria
esculentaand Palmaria palmatawas less impaired by U radiation at high than at low
temperaturegvVan De Pollet al, 2002; Rautenberger and Bischof, 2006; Fredersetoaf,
2009) Pakkeret al. (2000)investigated the temperature influence on repair ofBJMduced
DNA damage inPalmaria palmata where DNA repair rates increased with rising
temperatures. Two othetudieshavefocused onthe interactive effects of temperature and
UV radiationon germination irFucus gardneriand Alaria marginatg germination rates of
both species increased with rising tengperesas long ashe temperatures did not approach

upper thermal maximg@doffmanet al, 2003; Miilleret al, 2008)

Despite these studiese continue to lacknformationconcerningnteractive effects of
combined stressors in macroalgae. Further studies are needed to investigate in more detail
how changing environmental factossich asenhanced C@concentrations, changing salinity

and enhancedV radiationdue to ozone depletionteract with the factoof global warming.
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1.2.3 Reactive oxygen species

Reactive oxygen species (ROS) drasally produced in plants as iproducts of
aerobic metabolic processes in mitochondria, chloroplasts and peroxiéapetsand Hirt,
2004)

ROS cause oxidative damage in terms of denaturation of nucleic acids, proteins,
polysaccharides and lipids, and are rggwby cell compartment specific nenzymatic and
enzymatic scavenging systenfdsada, 1997; Mittler, 2002)Nonenzymatic antioxidants
include the major cellular redox buffers ascorbate and glutathione, whereas enzymatic ROS
detoxification includes the conversion of superoxide radicals into hydrogen peroxide and
oxygen by superoxide dismutase, and subsequenination of hydrogen peroxide in the
ascorbateglutathione cycle by ascorbate peroxidase and glutathione red(idtaderet al,

1998; Asada, 1999; Apel and Hirt, 2004)

Studies on effects of environmental stress in macrodigaedemonstrated, that the
increased formation of ROS is a central element of abiotic stress regqjpyirgg 2006)
Increased activity of ROS scavenging enzymes in macroélgadeerreportedfollowing
exposure to UVR stress, copper, low temperature and desic@@ntén and Davison, 2001;
Aguilera et al, 2002; Burrittet al, 2002; Bischofet al, 2003; Contrera®t al, 2009;
ContrerasPorciaet al, 2011)

ROSare however nabnly potentially harmful, buarealso part of a subtle network of
signalling reactiongNoctor, 2006) ROS as well as the redox state of several regulatory
redoxreactive key molecules, such as thioredoxin ghudathione, are signathat regulate
expressionof photosynthesiselated genegPfannschmidt, 2003; Foyer and Noctor, 2005)
Furthermore ROS function as second messengers in signal transduction cascades, regulating
processesuch agmitosis and cell deatfFoyer and Noctor, 2005Additionally, many heat
shock proteins are thought to be tightly associated to.R@®$lants it has been suggested
that sensing of ROS funche viaredoxsensitive transcription factorgshich subsequently

activate Hspexpressior{Mittler et al, 2004; Timpericet al,, 2008)
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1.3 Global environmental changes

There is evidence that the global climate currently changing. Analysis of
temperature records revealed a strbingar warming trend over the 50 years from 1956 to
2005. Climate change is caused by both, natural and anthropogeers.dHowever, a major
reason for the observed warming is #rghropogenic emission of gasasparticularcarbon
dioxide, irto the atmosphere, leadj to an increase in the plasajlobal temperature. Until
now several effects of warmingave beenobserved, e.g. decreases in snow cover and
Northern Hemisphere séee extent, increases in soil temperature, sea level rise and glacier
melt (IPCC, 2007) The future high scenario of tl@urth Assessment Report of the United
Nations Intergovernmental Panel on Climate Chapgedicts a global average surface
warming in the range of 2.6.4°C by 2100, therebywarmingis expected to be greatest at
most highnorthern latitudes and least near Antarc(ié3CC, 2007) Terrestral areas warm
faster than oceawater masses, nevertheless warming occurs in both sy¢fema and
Committee, 2005)Since 1950 mean annualassurface temperatures in the North Atlantic
have already risen by more than 1.5°C, which is more than twice of the global average
(Merzouk and Johnson, 2011)

Stratospherimzone content has significantyiminished during the 50 yeadkie to
growing emissions of synthetic chlorofluorocarbon molecules. The ozone layer absorbs the
most energetic fraction, UC radiation as well as parts of the UVB wavelength range
(Rowland, 2006)Hence depletion of ozone has causetdeasesn UV-radition at the earth's
surface, which argarticularly pronounced at higr latitudes (Kerr and McElroy, 1993;
Madranich et al, 1998) Overthe yearsa strong decreas@ the oone density, especially in
the polar egions,hasbeen reported (Karsten et al., 2001). A recent study demonstrated that
the degree of chemical ozone destructituservedver the Arcticin early2011 wasfor the
first time, comparable to that in the Antarct{danneyet al, 2011) In the worst case
scenario, an ozone depletion over the Arctic up to 20 % until 2020 is fore¢H¢hO,

2006)

Future ecological effects of global environmental changes still raise considerable
concerngHoffman et al, 2003; Harleyet al, 2006) There is consensus that coastal marine
ecosystems are eagered by anthropogenic global climate chaitig€C, 2001; Helmutlet
al., 2006) Abiotic factors predominantly determinertical and geographical distribution of
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benthic macroalgae. It is likely that the increas®/dfradiationand sea surface temperatures
will influence their distribution patterns, especially in the Arctic, which is subjected to strong
environmental chargsg. Latitudinal shifts in species distribution of macroalgae as ecological
responses to climate changes have been already obg8medninet al, 2005 Lima et al,

2007; Hawkinset al, 2009) Likewise, the depth distributierof seaweeds may be alterdde

to changes in the radiation regime.
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1.4 Functional genomics

Increasing knowledge of genes and gene products due to gdrasee technologies
hassignificantly contributed to the understanding of algal ecology and evol¢{@oossman,

2005) Genomic approaches, such as functional and marine ecological genoconitsne
molecular biology, computing sciences atatisticsDupontet al,, 2007)

Presently analyss of whole genomess rapidly becoming a trend that allows
remarkable insights into fields such as comparative evolution, physiology, and developmental
biology (Waalandet al, 2004) A more costffective genomic resource that can be developed
for almost any organism is an expressed sequence tag (EST) library, also called cDNA library.
This provides a robust sequence resource for gene and igemoatysis, especially in nen
model organisms that lack other sequence reso(Bmegck and Vision, 2007 )Furthermore,

EST libraries can be exploited for gene discovery, genome annotation, expression profiling,
comparative genomicas wel as microarray designRudd, 2003; Duponet al, 2007)
Microarray technology, first applied in the mid 1990s, ha®iveca routine and essential tool

not only for gene expression profiling, but also for gene discovery, detection of single
nucleotide polymorphism (SNPs) and comparative genomic hybridizé8ohenaet al,

1995; Liet al, 2002; Gadgikt al, 2005)

Despite the ecological and economic importance of marine benthic macroalgae, their
molecular biology is poorly understood. WUptil now onlythe genome of one macroa)dhe
brown algal specie€. siliculosus has been fully sequencegock et al, 201Q. The
availability of theEctocarpusgenome gave rise to several new studies, e.g. of the molecular
basis of cell wall polysaccharide metaboligiMichel et al, 2010) mannitol synthesis
(Rousvoalet al, 2011) developmeratl patterning(Le Bail et al, 2011) and intefstrain
variation (Dittami et al, 2011) Currently, only two microarraypased studies on gene
expression under abiotic stress in macroalgae are publiSiodén et al. (2007) studied
transcriptional changes i@hondrus crispusafter exposure to different abiotic stressies
their study25% of genes exhibited transcriptional change&dtocarpus siliculosysalmost
70% of the expressed genes featured significant changemsttipt abundance in response
to stresgDittami et al, 2009) These studies indicate that macroalgae respond to stress with a
multitude of transcriptional changeldndoubtedly more studies are needed to expand our
knowledge of mlecular mechanisms underlying the physiological acclimation to abiotic

stressn macroalgae.
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1.5 Aim of the thesis

Future global environmental changes will likahfluence zonation, biogeographic
distribution patterns, and primary productivity of ecabadly and economically important
kelp species. Duringastyears many physiological studibave beemerformed on effects of
asingle abiotic stress in kelp, whereasy few studiedhawe foctsedon the interactive effects
of multiple stresses. So far, no study is available on the molecular processes underlying
physiological acclimation to abiotic stress factors in &dfor that reasqgrthe purpose of the
present thesis was to investigateolecular mechanisms underlying the physiological
acclimation to multiple abiotic stresses $ latissimafrom the Arctic (Spitsbergen). The
molecular data obtained by this study will be a starting point for further investigations using
molecular approaches in ksl Furthermorethe results of this thesis will help to obtain
important insights into theharacterization of molecular processes underlying physiological
acclimationas well as tamprove our understandingf stress responsen a particularkelp

specie.

The first aim of this thesis was to establish a cDNA library for subsequent functional
genomic studies on mechanisms and pathways invdlvestress acclimation to multiple
stressorsMicroarray hybridizations wenesed to determine key genes involvednolecular
responses to high PAR, UVBnd temperature stress. Two different stress exposure durations,
24 hours and 2 weeks, were applied to distinguish molecular mechanisms eksimoversus
long-term acclimatios to stress. Furthermgr@ comparatie approach, investigating gene
expression profiles in laboratory and field grown sporophytes, was caui@udorder to help
elucidate interactive effects of UVR, temperature and growth conditioladoratory versus

field material
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2. Methodological aspects

The following chapter provides a brief overvieivthe material and methods applied
in the experimental portion of this theskurther detailsin particular regardingampling,
experimental conditions, perimental processing and analysis techniquesietaledin the

respective publications.

2.1 Algal material

Culture material

Young sporophytes were raised from stock gametophytes cultur&aauharina
latissima originally established from spores ddrtile sporophytes collected by SCUBA
diving in Kongsfjorden (79°N; 11°E; Svalbard, Norway, AWI culture numbers: 3123, 3124).
Male and female gametophytes were fragted together, transferred tetP dishes filled
with Provasoli enriched seawater (PES)arr and Zeikus, 1993)nd cultured at 10 +/1°C
and 30 pmol photons #s* white light at 18h light: 6h dark period. Developing sporophytes
were transferred after 2 weeks to aerated 5| culture bottles and grown in REBeaynt

reached a size ofBcm.

Field material

Algal material was collected May 2009 directly after gwaice breakup in the
Kongsfjorden (79°N; 11°E; Svalbard, Norwaypd@ophytes ofSaccharina latissimavith a
size of 57 cm were collected b$sCUBA diving from 8 m water depth Algae werethen
transported back to the laboratpcleanedof epiphytesand kept for 48h in running seater
at approximately 4C under low lignt (10 pmol photons M s?) prior to the exposure

experiments.
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2.2 Exposure to artificial defined stress conditions

Young sporophytes were exposed to six different radiation conditand four
temperatures (Figl). To distinguish the effects dfifferent wavelengths, the experimental
units were covered with filter foils permeable to wavelengths of: (1) ZB®D nm for
photosynthetically active radiation (PAR) treatments; (2)1320 nm for PAR+UVA
treatments; and (3) 2300 nm for PAR + UVA + UVBtreatments. PAR was provided by
Osram daylight fluorescent tubes, and measured using- 2390 light meter(LI-COR,
Lincoln; USA). UV radiation was generated by three fluorescent tubes and measured with a
Solar Light PMA2100 (Solar Light; PA, USA).For the exposure experiments sporophytes
were placednto white PVC boxes andovered with the respective filter foils. Aeration was
provided through the whole experimental duration of 8h, 24h and 2 weeks. All experiments

were conducted with five biological regates.

high high low low

. PAR PAR PAR PAR
Light + UV-A + UV-A
+ UV-B + UV-B
(HP) (HPAB) (LP) (LPAB)

Temperature | 2Ac|| 7AC|| 12A}| 17A}
Exposure time I 8h I 24h | 2w I

Figure 1 Overviewof multifactorial exposure experiments
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2.3 Photosynthetic measurements

Photosynthetic performance of sporophytes under the applied stresses was determined
by measuring maximum quantum yield of photosysteniFWKm) using an Imaging pulse
amplitude fluorometer (Maxi Imaging PAM; Walz, Effeltrich, Germany). Measuring with the
PAM is a noninvasive method the Maxi ImagingPAM furthermore provides a fast
assessment of photosynthetic activity aerothe whole sporophyte@~ig. 2). Fv/IFm
measurements provide an estimate of the maximum quantum efficiency of PSII and indicate
the efficiency of energy transfer from the light harvesting complexes to the reaction centre of
PS Il. A change ifFv/Fmis due to an alteration in nghotochemical quenching, decrigeps
Fv/IFmwhich indicateghe occurrence of photoinhibitory damage, therefore it is a commonly
used parameter in stress investigating experim@uiaxwell and Johnson, 20Q0)The

physiological bas of chlorophyllfluorescence and fluorescence measurements by saturation

pulse method is extensively reviewedKnause and Wei€l991), Schreiberet al. (1994 and
Baker(2008)

Figure 2 Images of maximum gquantum yield ofSa latissimasporophyte generated by the
Maxi Imaging Pam before (A) and after 24 hours (Byiofiultaneousexposured low PAR
and UVR
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2.4 Molecular methods
RNA Isolation

Macroalgae exhibit high amounts of polysacchari@@éng et al, 2005; Varela
Alvarez et al, 2006) and phenolic compoundd.ane et al, 2006; Pearsomt al, 2006)
making RNA and DNA isolationdifficult. A novel protocol had to be established for RNA
extraction because standard procedures privedinapplicable to brown algatheydid not
produe sufficient amouns or qualiies of RNA needed for downstreaming applications, e.g.
cDNA synthesis and microarray hybridization. The developed protocol is a catiobiaf a
CTAB extraction, followed by the use of a commercial RNA isolation kit. The exracti
protocol was tested successfully in several brown algae l(arginaria solidungulaAlaria

esculentaandFucus serratus

Establishment of the cDNA library

RNA from differently treated sporophytes was pooled for cDNA library construction.
From the toal RNA, poly (A)” RNA was prepared, thus also minimizing potential bacterial
contamination. cDNA synthesis was primed with an N6 randomized primer. Normalization
was carried out by one cycle of denaturation and reassociation of the cDNA. For 454
sequencingreviewed byMardis, 2008the cDNA in the size range of 50800 bp was eluted
from a preparative agarose gel. 4&gquencing of the cDNA was conducted according to the
ma n u f a qrotocole (RacklgBranford, USA. Assembly of the raw reads was done using
the Newbler assembler (Roche) with the default values. Assembled cDNA, i.e. the contigs,
were compared against the Swi®t protein knowledgebashti{p://www.uniprot.orgl and
the NCBI nonredundant protein databadatp://blast.ncbi.nim.nih.gov/Blast.cgNCBI-nr),
using the BLASTX algorithm with an -Ealue cutoff of 108 ’. Sequencesvere mapped
according to Gene i@ology (GO), and searched by Interpro scan for functional annotations
of protein domains. All Sequence annotation steps were done using the Blast2GO analysis
tool (Coneseet al, 2005)
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Microarray design and hybridization

Mi croarrays slides were designed with A
containing 60mer oligonucleotides probes, which were desibasdd onthe Saccharina
latissimacDNA library. Prior to the microarray hybridizations total RNA labelled with the
Agilent two-color low RNA Input Linear Amplification kit (Agilent Technologies,

Wal dbr onn, Ger many) . The manufwasslightly aeljusted | ab e
due the extensive length of 3 untranslated regions (UTRS) occurring in brown algae, cDNA
synthesis was performed using a blend of T7 promoter primer and T7 nonamer primer used in

equal molarity.

Total RNA from stress treatments wawybridized against the control treatment. All
hybridizations were carried out in 4 biological replicates. Hybridizationigroarray
di sassembly and wash procedure were perform
(Agilent).

Differential gene expression was analysed using the GeneSpring GX software
platform version 11 (Agilent) with the implemented statistical tests. Statistical analyses
included an ANOVA, followed by a post hoc test Tukey HSD with the Benjamini Hochberg

FDR @rrection.

Statistical assessments @D annotations, whose abundance is signiflgaditferent
between the regulated genes within the various exposure treatments and the whole microarray,
were performed with Blast2GQConesaet al, 2005) Furthermore significantly enriched
KEGG pathways were identified with KOBA&t{p://kobas.cbi.pku.edu.cn/horde) using a
hypergeometric test (p < 0.01).
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3. Summary of results

3.1 Characteristics of the EST library

In order to establish a comprehensive EST library under light and temperature stress,
young sporophytesvere exposed to different combinations of temperature, ,Réd UV
radiation Exposure experiments were conducted for 8 h, 24 h, and 2 weeks. RNA extraction
of treated sporophytes yielded high amounts of RNAauid purity and quality. RNA from
differently treated sporophytes was pooled for EST library construction (publication 1).

454 Sequencing of the library resulted in 400,503 high quality ESTs with an average
read length of 348 bp, which were assembled into 28,803 contigs. The average contig size
was963 bp, but sequences could be assembled into contigs of up to 7.4 kb. For 4218 (~15%)
of the assembled contigs a significant BLAST match was found in the -Bwaisslatabase.
Comparison of the assembled ESTs against the NCBledumdant protein databagielded
8379 (~29%) sequences showing significant similarity to known proteinseSegmapping
according to Gene f@ology (GO) resulted in functional classification of 4735 contigs (16%)
in one or more GO categories, resulting in 27,843 GO terms in werpro Scan led to the
identification of 10,009 contigs (35%) with a recognizable protein motif. The most frequent
protein domains found in the cDNA library were the protein kif&se domain,
serine/threoningrotein kinasdike domain, NAD(P)binding and thioredoxkuiike fold
domain. Furthermore protein domains associated with protein kinase activity, including the
serine/threonine protein kinatke domain as well as calcium/calmodulin dependent protein
kinaselike domain were highly abundant. Bme code (EC) annotation yielded in
classification 480 contigs to one or more enzyme category numbers, providing a total of 625
ECs, which were mapped t& ®iochemical pathways. FiguresBows a mapping of all ECs

to a global metabolism map from KEGG.
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Figure 3.Global metabolism map from KEGGoloured lines represent enzyme reactions catalyzed by enzymes found in the EST library. Different
colours correspond to different metabolism types (red: nucleotide metabolism, yellow: amino acid metabolism, dark liyeratarbwtabolism,

lilac: enegy metabolism)
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Comparative genomics @&. latissimaand Ectocarpus siliculosugndicated that the
EST library exhibits genome coverage of approximately 70%, under the assumption of similar
gene numbers in both species. GO term occurrenBelatissimaandE. siliculosusshowed a
similar distribution pattern among the root ontolegeellular component, molecular function
and biological proces#&nalysis ofspecific protein domain abundances between the two algal
speciesddlemonstratetl h at , t hteh i door neadi onxsi n6 f-loil kded , f oolt chd ,0 r ehde
protein 700 pxidese/ahlorapéroxidasesteer rmi noadrrépresented in the
cDNA library. A plot of transcriptgyenemodels per metabolic pathwayvolved in similar
pathway maps frors. latissimaandE. siliculosusrevealed that the majority of EC counts of
the two different species correspond to each other, resulting in a linear slope of ~ 0.81,
indicatinga high KEGGpathway overlap between the cDNA library and Ehesiliculosus
genomgFig. 4).
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3.2 Short term acclimation to high PAR and temperature stres§ physiological and

molecular responses

In order to analyse molecular mechanisms underlying physiological acclimation to
either high or low temperatures in combination with high lightSaccharina latissima
sporophytes were exposed for 24h to different combinations of light intensities and
temperatures. For determining changes in gene expression patterns diffielemt
temperature (2°C/17°C) and high photosynthetically active radiation (PAIRyonucleotide
microarrays covering 26,224 transcripts wemployed (publication II). A multitude of
transcriptional changesas observedAltogether42% of genes showed an alteregbression
after the exposure experiments in at least one stress treatment compared to the control
treatmentMore genes were differently upgulated than dowregulated Additionally, more
genes were regulated at high than at low PAR conditions. Thestaayaount of
transcriptional change was observed at high PAR and 17°C, when 8,334 genes (32%) were
affected. The remaining three treatments (2°C & high/low PAR, 17°C low PAR) caused
transcriptional changes for 113% (3,289 4,920) of the gend#-ig. 5).
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Number of regulated genes

Figure 5 Numbers of differentially up(black bars) and dowregulated (grey bars) genes
after various stress treatmentdentification of regulated ESTs is based on microarray
hybridizations and evaluated with ANOVA against a control treatmentittvn = 4 and p <
0.01, followed by gost hoc Tukey test (HSD, p < 0.01).
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For identifying an overlap of ESTs responsive to either high or low temperature within
the different light treatments cross comparison wasrfimed (Fig. §. High temperature
had stronger effects on gene expressiors.irlatissimathan low temperatureand caused
induction of 2,028 genes and repression of 988 transcripts. The effect of low temperature was
less pronounced, in that 1,273 genes were found tgpisegulated and 1,002 genes dewn
regulated.A cross comparison revealed that the amount of high PAR responsive ESTs is
dependent on temperature: at high PAR and low temperature 1,456 genes were induced
whereas 1,188 genes were repressed; at high PARighdemperature 2,949 genes were

induced and 2,369 genes were repressed.
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Figure 6 Venn diagram of responsive transcripts after 24h exposure to different light and

temperature conditions. Numbersreponsive transcripts are sepat ed i n up (V)
(Z2) regul ated ESTs. The i ntersections di sp
treatments.
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3.2.1 Transcriptional regulation of metabolic processes

In general temperature hagmaller influence on metabolic processes tlgint.| Two
main temperature effects were observed, repression of transcripts encoding carbohydrate
biosynthetic and catabolic processes at high temperandinduction of genes associated
with glycine, serine and threonine metabolism in response toelmpdrature.

A common feature observed after high PAR exposure was thegupation of
catabolic processes for energy supply. The combinatidmgbf light and low temperature
stress led to an induction of lipid catabolism and carbohydrate metabolisherfuore to an
increased number of induced gene activitiescétiular amino acid biosynthesis, cellular
nitrogen compound biosynthesesnd nucleobase biosynthesig€xcessive light at high
temperature was the most destructive stress conditio8.flatissima resulting in a strong
repression of several metabolic processes, e.g. photosynthesis, carbohydrate metabolism and
amino acid metabolism. A striking feature of the high PAR 17°C treatment was the significant
induction of several genes involved proteolysis, e.gprotease regulatory subunits and
components of the ubiquitimediated proteolysisvhich did not occur in any other e

stress treatments.

3.2.2 Photosynthesis and transcription of correlated genes

Sporophytes exposed to high phstothetically active radiation conditions showed a
significantly reduced maxiom quantum yield of PS (Fig. 7). The combination of high
PAR and a temperature of 17°C resulted in the highest degree of photoinhibition, showing
90% reducedrv/Fm as comparetb the control after 24h of exposure. This was reflected by
strong dowrregulation (up to 6@old) of transcripts encoding photosynthetic components,
e.g. light harvesting complex proteins, photosystem Il related proteins, porphyrin and
chlorophyll metablism proteins, and carbon fixation enzymes. High PAR at 2°C caused a
decrease in maximum quantum yield betweer5@® compared to the control, on the
transcriptional level upegulation between-3 fold of photosystem II, thylakoid, arladht
harvesting conplex proteincorrelated transcriptsas observed.
The low PAR treatmentdy comparisoninduced no significant changes in maximum
quantum yield of photosystem Il, nevertheless light harvesting complex transcripts as well as
some of the photosystem Il trampts were ugegulated at 2°C and dowegulated at 17°C

with a fold change of about 2
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Figure 7 Maximum quantum vyield of PS IIF¢/Fm) after 24h exposure to different
temperature and radiation conditior&andard deviations are represented by vertical bars
(n=5). Asterisks mark significant differences in efficiency of PS Il {imay ANOVA with
repeated measurements, n $5,0.01;post hoc Tukey test HSD, p < 0.01)

3.2.3 Induction of ROS scavengerand heat shock proteins

All ROS scavenging enzymewesent in the libraryexceptfor superoxide and
glutathioneS-transferase, showed the strongest induction after exposure to high light at 2°C.
However, transcripts encoding for mitochondrial and chlasijc superoxide dismutase were
alsoinduced at high temperatureSignificant induction of genes coding for enzymes of the
ascorbateglutathione cycle was detected, e.g. glutathione reductase (GR), which was up
regulated in all treatments except low PARd 17°C. Additionally two genes of the
chloroplastic thioredoxin system were detected, which were maintggudated in response
to high PAR

Differential induction of various heat shock proteins (Hsps) aB® detected.
Members of the Hsp 70 family wemost strongly expressed after the high PAR 17°C
treatment. Four transcripts, elgeat shock factebinding protein, were solely uggulated in
response to high temperature in combination with high RA#erestingly three Hsps, Hsp 33,

Hsp 60, and Hsp® respectively, werenducedexclusively at low temperatures.
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3.3 Short term acclimation to UVR and temperature stressi physiological and

molecular responses

To investigate transcriptional changes underlying physiological short term acclimation
to UV radiation at different temperatures, sporophyteS.datissimavere exposed for 24h to
UV radiation at 2°C, 7°C and 12°C. Gene expression profiles were assessed by microarray
hybridizations (publication V).
UVR exposure led to a changed expression b6@ transcripts (32%) in at least one stress
treatment compared to the control treatment. UVR at 2°C and 7°C had stronger effects on
gene expressiothan UVR at 12°C, which was reflected by a higher number of regulated
genes. Analysis of Gene Ontology termshowed, that UVR gendha causedinduction of
transcripts associated with photosynthetic components, DNA replication, DNA repair, and
vitamin Bg biosynthesis.Following exposure to UVR at 2°C and 7°Qepression of
transcripts correlated to carbohydratetabolic processes, e.g. glucan metabolic process and
polysaccharide metabolic proceswas observed. KEGG pathway analyses indiate
enhanced wpegulation of carotenoid and glutathione metabolism in response to UVR at 2°C.
UVR at 7°C on the contrary aaed enhanced repression of e.g. glycolymsiosephosphate
pathway and glactose metabolism.

3.3.1 Photosynthesis and transcription of correlated gese

Exposure to UVR resulteth all experimentsdn significant decreases in maximum
quantum yield of B Il (Fv/Fm). UVR and temperature showed interactive effects, the degree
of photoinhibition in response to the UVR treatment at 2°C was significantly higher than at
7°C and 12°C respectively However, highest overall number of regulated transcripts
encoding for photosynthetic components was observed after the UVR treatment at 7°C.

Four genes associated with photosystem Il and one gene correlated to photosystem | were
detectedamong regulatedranscripts Transcripts coding fophotosystem | reaction ceatr
subunit Il were inducednly after exposure to UVR at 7°C, wherealsotosystem 1ID2

protein was ugegulated in response to all UVR conditions, with expression changes between
2.3fold and2.5fold. Furthermorgtranscripts of the cytochroni& complex were induced in
response to all UVR experiments. Genes coding for light harvesting complex proteins were
regulatedcontraryin response to UVR at 2°C and 7°C, fucoxanititorophyll ac bindng
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protein was 24dold induced, while light harvesting complex | 21 kDa was repressed.
Induction of lumenal thylakoid proteins occurred after exposure to UVR at 7°C.

3.3.2 Induction of DNA replication and repair enzymes

UVR exposure caused induction of transcriptsrelatingto DNA replication and
repair UVR exposure at 2°C and 71@dstrongereffectsthan UVR at 12°C.
Severalgenes involved in DNA replication, e BNA gyrase subunit b and DNA polymerase
I, were induced after UVR at 2°C and 7°C, watlstronger induction in response to UVR at
7°C. Transcriptgorrelatingto replication factor protes) e.g. replication factea protein and
replication proteira 69 kDa DNA-binding, were ugregulated after all UVR treatments with
expression changes between-fal and 3.7#old.
Four genes encoding for DNA repair enzymes wals® detected. Transcripts encoding
deoxyribodipyrimidine photolyase family proteirad51 DNArecombination repair protein
and xray repair crossomplementing protein 6 wereupgulated in response to UVR at 2°C
and 7°C. DNA repair protein uvh3 showed enhanced transcript abundance in all treatments.
All of these transcripts, except rad51 DNA radmnation repair protein, showelde highest

transcript abundance after exposure to UVR at 2°C.

3.3.3 Induction of ROS scavengers

Five regulated genes encoding for reactive oxygen species (ROS) scavenging enzymes
were identified.Induction between 3:fbld and 5.ifold of genes coding fot-ascorbate
peroxidase and dehydroascorbate reductase was observed in response to UVR at 2°C and 7°C,
and ahigher transcript abundance was detected under UVR at 7°C. These treatments
furthermoreinducedthioredoxin and thioredoxin reductase, the lateaturing expression
changes between 8f6ld and 9.5fold. Chloroplastic alternative oxidase wasnegulated in
response to all UVR treatments, with expression changes betwefahd?a®d 4.9fold. Here
thestrongest induction occurrddllowing exposure to UVR at 2°C
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3.4 Long term acclimationi physiological and molecular responses to high PAR, UVR

and temperature

This study aimgo analysethe molecular mechanisms of letgym acclimation tdooth
high and low levels of photosynthetically active radiation combination with UVR at
different temperature regimes. SporophytesSatcharina latissimavere subjected for two
weeks to different combinations of light conditions at three temperaf@res & 12°C),
subsequently gene expression patterns were determined by microarray hybridization
(publication III).

After the exposure experimen&563 transcripts (26%) showed differi@htegulation
patternsfor at least one stress treatment compaoetthe control treatment (2°C/7°C/12°C &
low PAR). The strongest effect on gene expression was observed in the 2°C high PAR + UVR
treatment when 2,228 genes (9%) showed significant diffefempression compared to the
control, followed by the 12°C higRAR + UVR treatment and the 12°C high PAR condition,
at which 2057 (8%) and 2022 (8%) genes, respectively, were effected. The lowest number of
regulated genes was detected in response to the 7°C low PAR + UVR conditiompnihen

397 genes (2%) shad an dered expression (Fig)8
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Figure 8 Total number of differentially ug(black bars) and dowregulated (grey bars) genes
after exposure to 3 temperatures (2, & 12°C) and 3 radiation conditions: low
photosynthetically active radiation + UVR (LPAB),ghi photosynthetically active radiation
(HP), and high photosynthetically active radiation + UVR (HPAB)
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3.4.1Transcriptional regulation of metabolic processes

Significanty enhanced abundance of transcripts associated with carotenoid
metabolism was detéed after exposure to low PAR + UVR at 2°C. Sporophytes subjected to
high PAR + UVR at 2°C and 7°6howedenhanced induction of transcripterrelatingto
cellular amino acid metabolism, e.g. glycine, serine and threonine metabolism. These
treatments furthermorecaused induction of transcripts associated with porphyrin and
chlorophyll metabolism.The 7°C PAR + UVR treatmentindicated downregulation of
arachidonic acid metabolism and the PPAR signalling pathwagtriking feature was the
observedstrong upregulation of transcriptsorrelatingto vitamin B metabolism under the
combined stressordf high PAR andJV radiation

3.4.2 Photosynthesis and &mscription of correlated genes

Maximum quantum yieldHv/Fm) remained stable at low photosynthetically active
radiation (PAR) and under low PAR + UVR at all tested temperatures. Exposure to high PAR
and high PAR + UV resulted in significant decreasahénmaximum quantum yield of PS II,
the highest degree of photoinhibitiatcurringafter the high PAR + UV treatment. The rate
of photoinhibition decreased due to acclimation over the course of the experiment; at the end
of the experiment high PAR and high PAR + UV treatments featured average recovery rates
of maximum quantum yield of 8 and78%, respectivelycompared to the low PAR and low
PAR + UV treatments.

Several transcripts encoding photosynthetic components weregufated in
response to the stress treatmeifitee highest number of responsive transcripts was found in
the 2°C HPAB treatmentwhere allgenes excepfor one, were found to be induced. The
strongest ugegulationof up to 18fold occurredfor genescorrelatingto the lightharvesting
complex, which were induced in the majority of treatments. All detected compafehts
photosystems, except thghotosystem | p700 chlorophyll a apoprotein, afere solely
induced in response to the UVR treatmefistee transcripts encoding for photosystem |
were detected, e.g. photosystem | reactientresubunit Il Thesewere primarily induced
after the exposure treatments at 2°C. Transcriptated to photosystem II, such as
photosystem Il reaction centre protein y and photosystem Il reaction centre prafesh/A1

featured transgptional changes betweeri 2.8-fold in response to the UVR treatments.
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3.4.3 Induction of ROS scavengers

Several transcripts encoding for antioxidative enzymes were significantly induced
Superoxide dismutase [Mn], ascorbate peroxidase, and thioredoxin h featured higher
transcript abundance after exposure to high PAR and high PAR + UV conditions at 12°C.
Superoxide dismutas¢fFe] was induced in response to 2°C HP and 7°C/12°C HPAB.
Chlorogastic thioredoxin, thioredoxin reductase and glutathione reductase were mainly up

regulated in response to the 2°C conditions and/or in response to high PAR + UV at 7°C.
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3.5 Comparison of gene expression under UV radiation in field and culture grown

Saacharina latissima

The purpose of this studyasto explore whethesporophytes grown in the field
would react to similar treatmenits the same way as laboratory material, i.e. whether results
obtained in laboratory experimertsuld be transferredtoth b e havi our Suchn fir ea
transfer would allowthe prediction ofbehaviour of natural communities, e.g. under global
change, based on laboratory experimehterefore exposure experiments were conducted in
Spitsbergen, Norwaysaccharin latissimaporophytesvere collected bysCUBA diving, and
after 2 days ofacclimation subjected for 24h to UVR at three different temperatures(2,7
12°C)gene expression patterns were assesgwsethicroarray hybridization. Afterwargdgere
expression profiles afultivatedsporophytes and field sporophytes were compared.

Overall number of significaht regulated transcripts of cultwte@nd field sporophytes
in response to the exposure conditiordicatedlarge differences (Fig.)9In field material of
S. latissma only 1,218 transcripts (5%) showddferential expression patterns under at least
one stress treatmemthencompared to the control treatment (2,7,12°C & low PAdRyong
these thehi ghe st number of regul ated trhenB/cripts
treatment at 2°C.

Exposure of cultu sporophytes on the contrary caused regulation of 8,166
transcripts (32%), strongest effect on gene expression was observed after UVR exposure at
7°C treatmentFurthermore strong interactive effects of tempeetand UVR in cultured
sporophytesvere observedat 12°C the amount of regulated genes was only half as much
compared to the 2°C and 7°C treatment.

Genes, that werdrsultaneous regulated in cultivatedd field sporophytes, exhibited
differences in thdevel of expression fold change in response to similar stress conditions.
However, principal effects of UVR were found to be similar ioth cultured and field
sporophytes. In generaéxposure to UVR caused enhanced regulation of photosynthetic

components, DNA repair and DNA replication as welinagtamin Bs; biosynthesis.
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Figure 9 Number of significantly different up(black bars) and dowregulated (red bars)
genes inSacchama latissimafrom culture and field after exposure to low photosynthetically
radiation + UV (LPAB)at 3 temperatures (2, 7 8°C). Cultivated sporophytes were grown
at 10°C, field sporophytes experienced growth temperatures bet®f€eand 1°C.

3.5.1 Fhotosynthesis and transcription of correlated genes

The low PAR treatments induced no significant changes in maximum quantum vyield
of photosystem Il Fv/Fm). In contrastUVR exposure experimentgsultedin decreases in
Fv/IFm Interactive effects of UVR and temperature were observed in sporophytes of both
origins, with a higher degree of photoinhibition occurring in response to the UVR treatment at
2°C than at 7°C and 12°C. No significant differencéhmmaximum quantum yidl of PS Il
between cultur@ and field material, neither at the beginning nor after the exposure
experiments was observed. Althoute origin of sporophytes did not significantly influence
the maximum quantum yield of photosystem (PS) II, it did leadfterdnces in the overall
number of regulated genes encoding photosynthetic components, which wasftrigher
cultivated material. Furthermore, for simultanebusegulated genes in cultdeand field
material differenial expression changes were obsetv Thylakoid proteins were up

regulated in a higher number of treatments in field sporophytesn compared to cultuce
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sporophytes.Photosystem | reaction center subunit Il was indut@tbwing all UVR
exposures in field sporophytelpwever,only in response to one treatment in cultivated
material. In additiontranscripts associated to photosystem I, phgtosystem Il R protein,

weregenerallystronger induced in field material.

3.5.2 Induction of DNA replication and repair enzymes

Induction of transcriptsorrelatingto DNA replication and repair was observed in
response to all UVR exposure experimemis. previously observedhigher numbes of
regulated transcripts saciated with DNA metabolism wedetected in cultugksporophyts.

Most genes involved in DNA replication, e.NA gyrase subunit b and DNA
polymerase |, were induced after &IVR treatments except in cultivatesporophytes
subjected to UVR at 12°C. Transcripts associated with the replicatmrinpa showed
higher abundance after all UVR treatmeritscontrast, thenighest transcript abundanoé
replication proteirain cultured sporophytes was observed after exposure to UVR atRa5C
field sporophytesthe highestranscript abundancef replicaion proteira was observed
response to UVR at 12°C. Detected genes encoding for DNA repair enzymes showed
enhanced transcript abundance after all UVR treatments, except in @sjporephytes under
UVR at 12°C. Induction profiles of these transcriptere dependent on origin and
temperature, but also on interaction of these two factormyXepair crossomplementing
protein 6 was generally stronger inducedildf sporophytes than in cultivatsgorophytes.
Transcription of a deoxyribodipyrimidinphotolyase family protein was higheist both
sporophyte typesfter the 2°C UVR treatmentyhereas DNA repair protein uvishowed
highest transcript abundance in culturedaterial after the 2°C UVR treatment, in field
material after the 12°C UVR condition

3.5.3 Induction of ROS scavengers

Five transcripts coding for antioxidative enzymes waraultaneouly regulated in
both cultured and field sporophytes. We detected enhanced transcript abundance ef e.g. |
ascorbate peroxidase, dehydroascorbate reduetad¢hioredoxin reductasafter various
UVR treatmentsin general, UVR at 2°C and 7°C caused stgar induction in cultivated
mateial when compared to field materiaContrarily, UVR at 12°C caused stronger -up

regulation in field sporophytes as in cultdre sporophytes.
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4. Synopsis of discussion

4.1 EST library - a costeffective genomic resource

The aim of this study was to createéSaccharina latissim&DNA library for future
functional genomis studies on the mechanisms and pathways involved in temperature and
light acclimation (publication I). 454equencing of the cDNAbrary yielded in 400,63
ESTs,whichwere assembleaito 28,803 contigs with an average size of 963 bp. The average
transcript length irEctocarpus siliculosugs 2409 bp, and is composed of a 1563 bp coding
region plus 845 bp @bcked &lj 2010)tHerca) thé aumizedof r e g i «
28,803 contigss most likelyan overestimate and does not reflect the actual number of genes
in S. latisima Non-overlapping fragments from the same gene will often not be assembled
into onesinglecontig, whichcan lead taedundancies.

BLAST sequence comparison showed similarities to known proteins for only 29% of
the assembled ESTs. Brown algal EST libraries generally show low overall annotation rates
of less than 50%Wonget al, 2007; Pearsoet al, 2010) One reason for this is the extensive
l ength of 3N UTRs @putetaly1995;Cgépineant ab, 2000y @Goclket| g a e
al., 2010) Another reason for the low overall annotation rates is that the majority of available
sequepe data used for sequence comparison are from evolutionarily distant organisms. So far,
only one brown algal genomé&.( siliculosus Cock et al, 201Q and few chromalveolate
genomes 1. pseudonanaArmbrustet al, 2004 P. tricornutum Bowler et al, 2008) have
been fully sequenced.

Frequentinterpro protein domains found in the cDNA library were the protein kinase
like domain, serine/tl@onineprotein kinasdike domain,NAD(P)-binding and thioredoxin
like fold domain. Protein kinases are involved in regulation of cell division, metabolism, and
responses to external signéitérabaket al, 2003) Serine/threoningrotein kinases catadg
the phosphorylationf serine and threonine residues in proteins, and play a prominent role in
signal transductioriEdelmanet al, 1987) Cock et al. (2010) previouslydemonstrated that
the evolution of multicellularity in brown algae is correlated with an increased number of
signal transduction genelSurthermoreanalysis of predicted gerfamilies gained by thE.
siliculosusgenome since divergence from the diatoms indicated a significaaliel gain in
ontology terms correlated to protein kinase activitiess iflgh abundance of protein kinase

domains in the cDNA library confirmthese findings and highlightthe importance of a
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sophisticated signal transduction and processing system for multicellularity. Investigations on
specific protein domain abundance betw&efatissimaandE. siliculosusrevealed thathe

d o ma i thisedoxan f ol d 6, olt ihk e r & dod xdidn Oheat shock
Obromoper oxi das et &hiniverecmledepresented m she cDNA library.

It was also shown thathigh light and high temperature leads to an increased expression of
Hsps and genes with argkidative function(Collén et al, 2007) The enhanced appearance

of these generally stresssociated domains indicates that the corresponding gene families are
amplified in theS. latissimagenomein comparison to that oE. siliculosus The cDNA

library also reflects the chosen stress conditiansl is thereforan excellent basis for further
microarray investigations under relevant conditions.

Comparison of G&erm occurrence is. latissimaandE. siliculosusshowed a similar
distribution pattern of GO terms among the three root ontologies, i.e. biological process,
molecular function and cellular component. Furtherma@mparative KEGG metabolic
pathway mapping of transcripgenemodelsof S.latissimaandE. siliculosusrevealed that
the majority of EC counts of the two different species correspond to each other, indicating
high KEGGpathway overlap between the cDNA library and Ehesiliculosusgenome Thus
we conclude that the cDNA libnaris representative of th®. latissimatranscriptome under
the tested conditions and displays a rather complete gene catalogue of the species.
Nevertheless, genes that are expressed under special conditions, such as darkness and
reproductionas well as gecific genes expressed in other life stageS.datissimaaremost

likely missing.

In total over 10,000 contigs were identified by BLASTX, Interpro protein motif
annotation, or Gene Ontology, leading to functional genome coveragmaiximately70%.
This study has confirmed the EST library as an efficient andeffisttive tool for gene
discovery in normodel organisms. This large EST collection comprises an important
resource for studies of gene expression, comparative-sdgmapping and annotatiohthe
forthcoming genomic DNAsequences @&. latissimaand related kelp species
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4.2 Short term acclimation to abiotic stress

4.2.1 Effects of high PAR and temperature stress

The present study (publication 1) demonstrates Saaicharinaatissimaresponds to
high PAR and temperature stresgh a multitude of transcriptional changes. The highest
number of regulated transcripts was detected after exposure to high PAR at 17°C, whereas
low PAR at 2°C caused the lowest number of regulatetsd¢rgpts. High temperature had
stronger effects on gene expression than low temperatures, indicating that high temperatures
are more harmful foiS. latissimathan low temperatures, resulting in stronger efforts to
compensate fothe negative effects. Expm® to high temperature resulted in repression of
e.g. carbohydrate biosynthetic and catabolic processes and transcripts correlated to
photosynthesis and carbon fixation. @ one hand this may be due to the increasing
reaction rate of enzymes at eleadtemperatures, which in many cellular processes tends to
increase with a ¢ from about 2(Weis, 1981) On the other handdownregulation of
transcripts can partially be caused by energetic and mass limitations of the full transcriptome,
favouring transcripts of acute and chronic stress response. Low temperatures caused the
induction of transcripts associated wilycine, serine and threonimeetabolism. So far, only
afew studiehaveinvestigated amino acid metabolism of macroledgeciegNagahiseet al,

1995; Gravotet al, 2010)and until now no data are available on the influence of cold
acclimation on the amino acid metabolism of macroalgae. Howesramess involved in the
final stepof cysteine biosynthesi@Noji et al, 1998) Cysteine, glycine and glutamate are
essential for synthesis of Glutathione (GSH), a reducingactor for several enzymes
involved in ROS detoxificatiofNoctor et al, 1997; Noctor, 2006)Thus the induction of the
glycine, serine and threonine metabolismSnlatissimaat low temperaturenay reflect a
higher demand of GSH due to an increase of photooxidative stress.

Light stress in combination with temperature stress caused interactive effects on the
transcription& level, the amount of high PAR responsive transcripts doubled at high
temperature. General features of stress response in sporophytes subjected to high PAR were
induction of catabolic processes for energy supply and antioxidant enzymes.

Stress in generaksults in an induction of genes with energy generating, heat shock
and antioxidant functions, whereas growth related genes are mostly refdiegseeMaury
et al, 2008) So farrelatively few studieshaveinvestigated gene expression under stress in

macroalgae, buhesehaveproducedsimilar results namelytherepression of genes related to
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growth and primary metabolism and induction of energy generation and production of
protectantgCollén et al, 2006; Collénet al, 2007; Dittamiet al, 2009) Exposure to high

PAR at low temperatures caused additionallyregulation of e.g.nitrogen compound
biosynthesis, amino acid biosynthesis adinoacjytRNA metabolism.Taken together,

these results suggest that energy was generated for removal and replacement of damaged
proteins as well as for the synthesis of stress related genes, e.g. Hsps and ROS scavenging
enzymes.

Excessive light at high temperature on the cowtrasulted in a strong repression of
several crucial metabolic processes, e.g. photosynthesis, carbohydrate metabolism and amino
acid metabolism as well as to induction of several genes involved in proteolysis. These
findings indicate that high PAR at 17°®as the most destructive stress condition $or

latissimaand resulted in the highest degree of protein dysfunction.

Significant induction of several transcripts associated with reactive oxygen species
(ROS) scavenging mechanisms was detedtede, thenighest transcript abundance occurred
after exposure to high light at 2°C, indicating maximum rates of ROS formation under
excessive light in combination with low temperature. These findings agree with previous
studies thahavedemonstrated increased activity on ROS scavenging enzymes in macroalgae
after exposure to several abiotic stressasnelylow temperature antdlV radiation(Collén
and Davison, 2001; Aguileet al, 2002; Burrittet al, 2002; Shiu and Lee, 2005)

Various heat shock proteinkigps) were identified, which were differenlyainduced
in response to the experimental conditions. Interestingly, some Hsps were exclusively induced
at low temperatures, whereas others waskely upregulated in response to high PAR at
17°C. This suggets that the sophisticated regulation of HspsSSinatissimais a prominent
part of acclimationnot only to temperature but also to combined environmental strassles

ashigh PAR in combination with high temperature.

Fluorescence measuremergBowed that high photosynthetically active radiation
conditions caused a significant decrease in the maximum quantum vyield of liRS8elhe
combination of high PAR and a temperature of 17°C resulted in the highest degree of
photoinhibition. On the transcriptiahlevel this was reflected by strong devwegulation (up
to 60fold) of transcripts responsible for photosynthetic components, e.g. encoding for light
harvesting complex proteins and photosystem Il related proteins. Fluorescence measurements

and gene expssion studies indicate a breakdown of photosynthesis, suggesting. that
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latissimafrom the Arctic is particuldy susceptible to chronic photoinhibition at high PAR
combined withhigh temperature conditions. High PAR at 2°C on the contcaused
induction between 5-fold of photosystem I, thylakoid, aridjht harvesting complex protein
correlated transcripts

Specific transcriptional changes for those treatments causing decreased maximum
quantum vyield were induction gfhotosystem Il D2 protein at highAR 2°C, as well as
strong repression of photosystél reaction center protein DdgbA at high PAR 17°C.
Excessive light causes photoinhibitiovhereaschronic photoinhibition occurs when the rate
of damage exceeds the capacity of the PSII repair amssaciated with thmactivation and
degradation of PS Il reactions cenfHuneret al, 1996; Franklin and Forster, 1997; Hanelt
et al, 1997; Adamset al, 2004) The recovery mechanisms of photosystenmndiude
removal ofdamaged D1 proteins and the subsequent replacement by newly synthesized
molecules for the PSI(Nymark et al, 2009) A recent studyhas demonstrated that
photodamage of PS Il is not ordgsociated with damage within the PSII reaction center, but
also with adecreasedepair rate caused by inhibition of the sygls of the D1 protein
(Takahahki and Badger, 2011)'he observed decrease in maximum quantum vyield of PS I
and the reduced transcript abundance of D1 thus suggest that the severe damage to PS caused
by the 17°/high PAR treatment could not be overcome by transcriptional regulati®n i
latissima The observed effect of high PAR stress on the photosyntheSidatfssimamnight
be due to the low light adaption of the species. Low light adapted subtidal macroalgae are
more sensitive to high PAR stress than high irradiance adapterbatgee (Hader and
Figueroa, 1997) It was furthermore demonstrdtethat in S latissime, photosynthetic
efficiency decreases with increasing temperatBes/isonet al, 1991) However, hyper
optimal temperatures of up to 22°C did radtect photoinhibition inS. latissimacollected
from the Atlantic coast of Maine and Long Island So@Bduhn and Gerard, 1996These
contradictoryresultsmay be due to ecotypic differentiation withi. latissimahelping to
explainthe huge capacity for climatic adaption and therefore its wide geographic distribution.

In conclusion this study gives insights into underlying molecular processes of
acclimation o light and temperature stressSnlatissimaMolecular acclimation mechanisms
include adjustment of the primary metabolism, induction of several ROS scavengers and a
sophisticated regulation of Hsps. A temperature of 1&ffécted the gene expressiam $.
latissimastronger than a temperature of 2 °C, indicating $hattissimaas a cold adapted

speciesrequires a larger scale metabolic reorganization for acclimatihgyktotemperatures
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than to low temperatured=urthermore the combination of theress factors light and
temperature caused interactive effects on photosynthesis and gene expression profiles.
Simultaneous influence of multiple stress factors can elevate their damaging effectan and
lead to an increadesusceptibility to additionastressegAlexievaet al, 2003; Wenberget

al., 2010) A possible consequence of this reduced resilience for kelps isclodel
extinctions of population near the southern distribution limit as well as a shift in its
distribution towards the ArctigMuller et al, 2009)

4.2.2 Effects of UVR and temperature stress

Gene expression analysis 8f latissimasubjected for 24h to UVR (publication V)
revealed that UVR at 2°C and 7°ifected gene expression stronger than UVR at 12°C,
which was reflected by a higher number of regulated g&raearytranscriptomic responses
to UVR include enhancerkgulation of photosynthetic components, DNA repair and DNA
replication. Previous studies on UV stress in macrodigae indicatedhat UVR negatively
influences photosynthesis and causes DNA dar(idgreltet al, 1997; Bischokt al, 1998;
Dring et al, 2001; Van De Polét al, 2001; Frankliret al, 2003; Zacheet al, 2009) The
transcriptomic databtained in this studgupport these findings, indicating photosynthesis
and DNAto beprime targets of UVR in macroalgae. A striking feature was the observed
induction of vitamin B biosynthesis after all UVR treatments. VitamigiB a watesoluble
vitamin, which exhibitsa high antioxidant activity, and is therefore suggested to be involved
in protection from oxidative stregghrenshafet al, 1999; Mooney and Hellnma, 2010) In
Arabidopsisvitamin Bs has beerdemonstrated to be crucial for acclimation to osmotic and
oxidative stresgShi et al, 2002; Chen and Xiong, 2005Jhus we suggest that vitamir B
might be involved acclimation to UVR 8. latissimaandmay potentiallybe participating in

protection from oxidative stress.

Exposure to UVR azsed significant decreases in photosynthetic efficieridye
degree of photoinhibition waa fact higher in response to the UVR treatment at 2°C than at
7°C and 12°CThesefindings are consisént with previous investigations on interaction of
UVR and temperature on photosynthesis in macroalgae. Studies on interactigoéttease
two stressors in macroalgdmas previously showsimilar results the kelp specied\laria
esculentafeatured highemaximum quantum yield of PS Il under UVR 13°C and 17 °C
compared to 4°C and 9°Eredersdorkt al, 2009) Another studyhas also demonstratéukt
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the degree of photoinhibition in two investigatdt/a species was smaller at 10°C than at
0°C (Rautenberger and Bischof, 2006)

Several transcripts encoding for photosynthetic compa@nemere significantly
regulatedthe lowest number of regulated genes was detected after the pdBuez at 12°C.
Induction of transcripts associated to photosystem I, ghgtosystem [ID2 protein, was
observed in response to all UVR conditiomscontrasttranscripts coding fophotosystem |
reaction centereg. subunit Ilwere only inducedollowing exposure to UVR at 7°Clhe
higher number of regulated transcripts, and the higher number of conditions featuring
regulation of these transcripts indicate that photosystem Il is more prone ta&avayehan
photosystem |. These findingse consstentwith former studies demonstinag that PS Il is
more sensitive to UVR than PSHranklinet al, 2003; Vas®t al, 2005) Several studies on
macroalgadave showrthat UVR leads to degradation of several photosynthetic components
recovery mechanisms include degradation and biosynthesis of damaged photosynthetic
reaction centre protein&ranklin et al, 2003; Bischofet al, 2006) Repair mechanisms of
UVR damaged PS Il reaction cest in cyanobadadria are associated with increasing the
transcript pool of photosynthetic reaction centre prot@anpbellet al, 1998; Huanggt al,
2002) Hence the induction of transcrtp encoding for PS land PS Imay reflect enhanced
repair rates of photosynthetic proteins due to an increased protein turnover undstré€bgR
Furthermore fluorescence measurements and microarray aggmlgsggest a temperature
optimum for photosynthesis of 12°Che transcriptomic data particularbupportprevious
studies whichhave demonstrateithe optimum growth range f@. latissimabeing between
10°C and 15°GFortes and Luning, 1980; Bolton and Lining, 1982; Liining, 1984)

Most transcripts associated with DNA replication, eNA gyrase subunit b and
DNA polymerase |, were induced after all UVR treatmgeetept in sporophytes subjected
to UVR at 12°C. fudies on the effect d#V radiationon gene expression Bynechocystis sp
and Arabidopsis thalianahave revealegimilar results, namely thap-regulation of genes
coding for DNA replication(Huanget al, 2002; Molinieret al, 2005) Additionally, four
genes encoding for DNA repair enzymesevdetected, whicindicatesenhanced transcript
abundance after all UVR treatments except in sporophytes subjected to UVR at 12°C. These
transcripts were found tde associated withthree different DNA repair processes:
photoreactivationhomologous recobination, andnucleotide excision repair. These results
suggest that experimental UVR caused severe DNA damage in sporoph$tdatfsimallt

was shown thalUVR induces oxidative damage to DNA, crosslinks between piaiein
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and DNADNA, doublestrandbreaks of DNA, as well asnhance$ormationof cyclobutane
pyrimidine dimers (CPDgHall et al, 1992; Britt, 1999) Gene expression anaiysndicates

that UVR acclimation ir§. latissimacomprehendsophisticated regulation of different DNA

repair processes. Furthermore a temperature of 12°C seems to ameliorate the negative effects
of UVR on DNA.

4.3 Longterm acclimation to high PAR, tenperature and UVR stress

In order to studylong-term changes in gene expression in response to different
combinations of photosynthetically active radiation, U\&Rd temperature 5. latissima
sporophytes wereither subjectedto low or high PAR incombination with UVR at three
different temperatures for two weeks (publication Mhe highest number of regulated genes
occurred in response to high PAR + UV at 2°C, where 2,228 genes (9%) showed a
significantly differental expression when compared tothe control, suggesting that
acclimation to this conditiorrequires the highest amount of metabolic reorganization.
Whereas combinations of low PAR and UVR caused mainly enhanced regulation of
photosynthesis, high PAR + UVRducedregulation of several atabolic pathways, e.g.
induction of glycine, serine and threonine metabolism at 2°C and 7°Cprésously
mentionedserine is involved in the final step of cysteine biosynth&ysteine, glycine and
glutamate are essential for synthesis of glutathi@®H), a reducing céactor for several
enzymes involved in reactive oxygen species (ROS) detoxificéiflontoret al, 1997; Noji
et al, 1998) The induction of transcripttom glycine, serine and threonine metabolism
might be caused by an increased production of ROS during exposure to high PAR + UV at
2°C and 7°C.

Both UVR treatments at 2°C furthermore caused induction of transeasgtsxiated
with carotenoid metabolism. Carotenoids comprise important components of the light
harvesting complexwhere theypossessa dual function in light harvesting and photo
protection as they scavenge singlet oxygen and trap triplet states of cllb(bfurton and
Ruban, 2005; Standfuss al., 2005) Sudies in cyanobacteri@ave indicatedhat carotenoids
may be involved inthe inactivation oflUV-B induced radicals in photosynthetic membranes
(Woodall et al, 1997; Gotzet al, 1999) Hence the induction of the carotenoid metabolism
may be connected on one hand to the observed enhanced synthesis of light harvesting

complexes in these treatments, and on the other hand to enhanced appearantelotéd/
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radicals at 2°C. Interestinglyranscripts correlated to vitaming Bnetabolism were strohg
induced under the combined stressors high PARWwdadiation Vitamin Bgis a water
soluble vitaminthat acts as a cofactor for a large number of essential enzymes, mostly
associated with amino acid syntheBonzéalezet al, 2007; Leuendorét al, 2010; Mooney

and Hellmann, 2010PDue toits high antioxidant activity itd thoughtto play an important

role in protecting cells from oxidative strgg&hrenshafet al, 1999) Studies orArabidopsis
revealed that vitamin Bis linked to stress responsasd thatit is crucial for acclimation to
oxidative and osmotic streg€hen and Xiong, 2005)dditionaly it seems to functiomn
photoprotection(Titiz et al, 2006) The induction of vitamin Bmetabolism seems to be a
critical component of the molecular acclimation mechanisms to excessive ligatamarina

latissimaandcouldenable preventing damage by oxidative stress.

Maximum quantum yield of PS IIF¢/Fm) remained stable at low PAR as well as
under low PAR + UVR under all tested temperatutascontrast, gorophytes exposed to
high PAR and high PAR + UVR showed a significant decrease in maximum quantum yield of
PS Il, withthe strongest photoinhibdn occurring after the high PAR + UVR treatments. The
finding of unaltered maximum quantum yield of PS Il after exposure to UVR at low PAR
conditions suggests that the observed photoinhibitory effects are mostly caused by high PAR.
Previous studies demdnated that photoinhibition in several macroalgae was mainly induced
by white light(Haneltet al, 1997; Bischogkt al, 1999; Dringet al, 2001)

Transcriptomic analyses revealed induction of several components of both
photosystemsprimarily after exposure to UVR at 2°C and 7°Bhotosystem Il showed a
higher susceptibility towards UV radiation than photosystem |, which was reflected by the
higher number of regulated transcripts correlated to PS I, anthéoyhigher number of
treatmentsfeatuing induction. Similar results werebtained in previous studies, which
showed that the PS Il is the primary target of-BVadiation(Huanget al, 2002; Frankliret
al., 2003; Vasset al, 2005) As previously mentioned, studies in cyanobactehave
demonstratedepair of UV damaged PS Il reaction centre by functions by increasing the
transcript poal The accumulation of these transcripssibsequentlyleads to a gradual
replacement of the damaged D1 reaction cef8asset al, 1997; Campbelet al, 1998;

Maté et al, 1998; Huanget al, 2002) Gene expression profiles indicate that the molecular
mechanism responsible for the repair of UMduced photodamagare similar to those
discovered in cyanobacteria.

Two main expression patterns of the different transcripts involved in ROS soayeng
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were observeds either induction at Z or 12°C. These patternmay be caused by the
subcellular location of the encoded gene products and possibly reflect changes in ROS levels
in chloroplasts and mitochondria. In green plaksy components of ROScavenging
mechanisms, such ascorbateylutathione cycle and the thioredoxin systemg localized in
several cellular compartments, amde encoded by single organelle targeted isoforms
(Mittova et al, 2000; Chewet al, 2003; Jaquogt al, 2009) The induction ofglutathione
reductase, chlorogstic thioredoxin and thioredoxin reductase in response to high irradiance
at 2°C might be correlated to enhanced plmtiative stress. Excessive light generates
photooxidative stresghrough an ovefreduction of the photosynthetic electron transport
chain. Low temperature leads to an additional increase of phwattative stress, partly by
reduéng the activity of the Calvinycle (Pfannschmidt, 2003; Haghjoet al, 2009) The
observed induction of SOOMn] at 12°C suggests an increased R@rmation in
mitochondria. 8nilar expression patterns oS5OD [Mn], ascorbate peroxidase, and
thioredoxin h indicate that all these transcripts are involved in mitochondrial ROS
detoxification. Plant mitochondria have been overlooked for a long timeuasesof ROS,

due to the fact that estimates suggest formation of mitochondrial ROS being considerably
lesser than that of chloroplast and peroxisomes in (§hteetloveet al, 2002; Foyer and
Noctor, 2003) However, subsequent studiemsve demonstratefiat changes in mitochondrial

ROS formation have negative consequences for the cell, e.g. damage and inhibition of
mitochondrial poteins as well as peroxidation of the mitochondrial memb{@headset al,,

2006; Noctoret al, 2007; Schwarzlandezt al, 2009) Taken togther, the results of this
study indicate the existence of compartment specific ROS scavenging mechaniSms in
latissima.Gene expression profiles of ROS scaven@iethiermoresuggest high amount of
photooxidative stress in response to the 2°C coodiths well as enhanced mitochondrial

ROS formation in response to excessive light at 12°C.

4.4 Comparisonof gene expression in field and culture growisaccharina latissima

It is crucial to consider to what extent laboratory studies may be usptedact
envionmental effects in the fieldo far, only a few comparative studies of acclimation in
laboratory and field grown macroalghave beemublished(Bischofet al, 1999; Sagert and

Schubert, 2000Hence this study (publication 1V) aims on investigating whether origin, and
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thereforegrowth conditionof the algae, influences gene expression profiles under UVR and
temperature stress.

Large dfferences in the number of regulated genes in cutsprophytes and field
sporophytes were observed, with higher numbers oflatggl genes occurring in cultivated
material ofS. latissimaFurthermorestrong interactive effects of temperature and UVR on
gene expression ioultured sporophyteswvere observedat 12°C the amount of regulated
genes was only half as much compared to the 2°C and 7°C treatment. Field material in
contrast did not exhibit sucktrong interactive effects of UVR and temperature in gene
expressionCultivated material exhibited a higher number of regulated genes, enriched GO
terms, and overepresented KEGG pathways than field sporophytdsch indicatesthat
cultured sporophytesmust make stronger efforts of acclimating to UVR than field
sporophytes. Thisould be caused by the different ages of the th{8lkveeks versus 4 month
for cultured sporophytesversusfield sporophytesespectively. Previous studiesevealed
differencesin UVR sensitivity inS. latissimawith respect to the age of the thalli, which is
partly due to agelependent morphfunctional featureg¢Dring et al., 1996; Bischofet al,
2002)

Additionally, genes simultaneolys regulated in cultue and field sporophytes
featured differences in the level of expression fold change in response to similar stress
conditions. Field sporophyteswere taken directly after the ice breal, and shoul be
therefore sensitive to UVR. divever the results suggest, that field sporophytes are less
sensitive to UVR than cultudesporophytes. For plants it was shown, that exposure to l& sing
stress agent can lead to increased resistance to subsequent unfavourabldAfepésta et
al., 2003) This might be also the case for field sporophyteS.datissimaexposure to cold
temperatures might led to an increased resistance td@Wadition.

Nevertheless observedgeneral transcriptomic responses to UVR were similar in
cultured and field sporophytesThese includedegulation of photosynthetic components,
DNA repair and DNA replicationUVR effects on macroalgae are described extensively
Studies on UV stress in macroalgdeve shownthat UVR negatively influences
photosynthesis and causes DNA damage (reviewe(Bisghof et al, 2006; Haneltet al,
2007; Karstenet al, 2011) Analysis of transcriptical profiles supports these findings,
indicating photosynthesis and DN@& beprime targets of UVR in macroalgae.

In all experimentsUVR led to a significant decrease in photosynthetic efficiency.

Interactive effects of UVR and temperature were observed in sporophytes of both origins, the
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highest degree of photoinhibition weawsed by the UVR 2°C treatment, despite the different
growth conditions of cultivated and field sporophyt®e. interactive effects of origin and
stress treatments on maximum quantum yiel8.ifatissimavere detected, but differences in
the overall numbeof regulated genes encoding photosynthetic components, being higher
within the treatments conducted with culdir@aterial. UVR exposure caused induction of
transcriptscorrelating toDNA replication and DNA repair in all treatment®nce again,
higher nunbers of regulated transcripts and enriched GO terms were detected indculture
material. Interestingly a temperature of 12°C seems to ameliorate the negative effects of
UVR on DNA in culturel sporophytesyetnot in field sporophytesthese findings indida a
higher susceptibility of field material to UVR at high temperature compared to culture
material Most of the ROS scavenging enzymes were induced in field sporophyt®s of
latissimasubjected to UVR at 12°C, whereas only oneregulated transcript was detected
after this treatmenit culture material. Thisould alsobe reflective oflower oxidative stress

levels in culture material at 12°C.

In summary principal effects of UVR, argeting mostly photosynthesis and DNA,
were similar in culture and field sporophyt&sis indicatesthat laboratory experiments are
well suited to investigate basic molecular mechanisms of acclimation to abiotic stresses. Gene
expression profiles indicad a higher susceptibility to UVR and a higher oxidative stress
level at 12°C in field sporophytes compared to culture sporophiytesontrast,cultured
sporophytes must make stronger effaadsacclimateto UVR at 2°C than fieldporophytes
These resudt clearly demonstrate the influence of growth conditions on transcriptomic
underlying acclimation to stress. Cold acclimationSoflatissimafrom the field might have
caused metabolic alterations to increase stress performance at low tempettzdtires
simultaneously led to a higher susceptibility at 12°C. The interactive effect of, UVR
temperature and origin underscore the importance of conducting multifactorial experiments
with field material when predicting biological and environmental effects ofgthgrabiotic

factors in the field.
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45 Conclusion

This study wasperformed to investigate the molecular mechanisms underlying
acclimation to abiotic stress B latissimaThe first am was to establish a cDNA library for
subsequent functional genomistudies on the mechanisms and pathways invalvestress
acclimation.

The established cDNA library can be viewed aglatively complete gene catalogue
of the species (publication IIComparative analysis with the genome Bf siliculosus
revealed high functional genome coverage of 70% of the cDNA library. It therefore comprises
an important resource for subsequent studies molecular stu@etaiissimaand related kelp

species.

Gene expression analysis demonstratedShédtissimaesponds to abiotic stress with
a multitude of transcriptional changes. Furthermore the combination of the stress factors high
PAR, UVR and temperature caused interactive effects on photosynthesgjerenexpression
profiles, a finding whichhighlightsthe importance of multifactorial experiments. The results
of this thesis support previous physiological studssswell asgive new insights into
transcriptional regulation underlying physiological aoeltion. The detected regulation of
various ROS scavenging enzymes (publication I, 1ll, IV) seems to play a crucial role in
acclimation to abiotic stress 8 latissmaThis finding is supported by publication IV, which
bears evidence fothe existence focompartment specific ROS scavenging mechanisms.
Furthermore S. latissimaexhibits a sophisticated regulation network of Hspbjch is
involved in acclimation not only to temperature but also to combined environmental stresses
such asigh PAR incombination with high temperature (publication II).

The induction of glycine, serine and threonine metabolism plays an important role in
acclimation to high irradiance at low temperatures, wimely be due to higher demands of
glutathione (GSH), a reducingp-factor for several enzymes involved in reactive oxyge
species (ROS) detoxification (Publicationlll)).

Acclimation to UVR includes enhanced regulation of photosynthetic components
(publication IIlI, IV). Transcriptional analysisdicated thaphotasystem Il exhibits a higher
susceptibility towards UV radiation than photosystem I. Furthermmepair of UV damaged
PS Il reaction centre seems to functions by increasing the transcript pool for transcripts
associated with PS II.

Short acclimation to UR furthermore includes enhanced regulation of DNA

replication and DNA repair (publication 1V). Interestingtiiree differentDNA repair
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processes, photoreactivatidrgmologous recombination, andcleotide excision repawere
detectedindicating asophsticated regulation of different DNA repair processes.

Another striking feature was the observed induction of vitamiiBsynthesis after
all UVR treatments, which seems to be a crucial component of UVR acclimatiomand
participatein protection fron oxidative stress (publication 11, 1V).

Comparative gene expression in field and cuttulsporophytes demonstrated large
differences in gene expression (publication 1V). Nevertheless, general effects of UVR,
targeting mostly photosynthesis and DNA, weirailar inboth culturedand field sporophytes.
This indicatesthat laboratory experiments are well suited to investigate basic molecular
mechanisms of acclimation to abiotic stressBise higher induction rates of transcripts
associated with ROScavenging as well as DNA repair and replication indieateigher
sensitivity to UVR and a higher oxidative stress level at 12°C id iempared to cultivated
sporophytes. At the same tinceltivated sporophyteggrown at 10 °Cmust make stronger
efforts of acclimating to UVR at 2°C than field sporophytesich is reflected by the finding
thatat 12°C the amount of regulated genes was only half as much compared to the 2°C and
7°C treatmentin cultured sporophytesThese findings highlight the influencd growth
conditions on transcriptomicegulationunderlying acclimation to stresand underline the
importance oflsoconducting experiments with field matenahenaiming topredict effects

of changing abiotic factors in the field.
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4.6 Future perspectives

While it has been possible to provideveralanswers on the topic of molecular
acclimation mechanisms in response to abiotic stress, it is clear that much additional work
will be required before a complete understanding of thysctcan be obtained Although
MRNA levels often indicate active metabolic patterns, in some cases it is not possible to
extrapolate the enzyamic activity from the transcripdnal level. Therefore future studies
should combine transcriptomic and proteorapproaches to gain a more detailed picture of

the molecular processes of acclimation.

As different life history stages, e.g. gametophytes and spores, are more prone to
abiotic stress, it is now important to conduct gene expression studies under cbmbine
stressors in gametophytes and sporesS.ofatissima These results would give valuable
information and would improve our knowledge on tolerance patterns to abiotic sti@ss in
latissima Furthermorethis datacould thenbe used to predict future shifts in geographical

distribution patterns of this species due to global environmental changes.

With respect to the ecotypic differentiation occurringinatissimasimilar studies on
gene expression under abiotic stresdesuld be realised wit8. latissimapopulations of the
southern distribution boundarguch studiesould provide further insights into variability

and acclimation potential among spatially separated populations.

In conclusion,it would beof great inteest to investigate gene expression profiles in
response to abiotic stress in other macroalgal species within the ecosystem kelp bed. These
data would givevaluable information on susceptibility of different species towards abiotic
stress. Different stressesponses might be subsequently correlated to vertical zonation

patterns of those algae.
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Macroalgae of the order Laminariales (kelps) are important marine coastal primary producers with prime significance for
ecosystem function. Important factors influencing their distribution include light and temperature but the molecular basis of
kelp responses to these factors is poorly understood. We therefore constructed a comprehensive cDNA library from RNA
sampled under various light and temperature regimes, as a basis for future studies about the mechanisms and pathways
involved in acclimation to light and temperature stress in Saccharina latissima. A total of 400503 ESTs was assembled into
28803 contigs. We were able to assign putative functions or orthology relationships to more than 10000 contigs by BLASTX,
Interpro protein-motif annotation, or Gene Ontology (GO). The most frequent Interpro protein domains found in the cDNA
library were the protein kinase-like domain, serine/threonine-protein kinase-like domain, and NAD(P)-binding and thiore-
doxin-like fold domain. Enzyme code (EC) annotation yielded attributions for 480 contigs, providing a total of 625 ECs,
which could be mapped to 85 biochemical pathways. Comparative genomics of S. latissima and Ectocarpus siliculosus indi-
cated that our cDNA library gave a genome coverage of approximately 70%, assuming similar gene numbers in both species.
GO term occurrence in S. latissima and E. siliculosus showed a similar distribution pattern among the root ontologies bio-
logical process, molecular function and cellular component. Comparative protein domain annotation of S. /latissima und E.
siliculosus showed that, probably due to the chosen stress conditions, the domains ‘thioredoxin fold’, ‘thioredoxin-like fold’,
‘heat shock protein 70°, and ‘bromoperoxidase/chloroperoxidase C-terminal’ are over-represented in the cDNA library.

Key words: ¢cDNA library, EST, kelp, Laminaria saccharina, light acclimation, macroalgae, Phaeophyceae, Saccharina latis-
sima, RNA extraction, temperature stress

Introduction pharmaceuticals (Waaland er al., 2004; Roeder
et al., 2005).

The vertical and latitudinal distribution of kelps
is limited by their light and temperature demands
(Wiencke et al., 2006; Bartsch et al., 2008).
Therefore global warming could potentially have
a significant impact on their performance and sur-
vival. Kelp species of the polar regions are sub-
jected to strong seasonal changes in physical and

. . s chemical conditions, e.g. an extreme seasonality of
most productive marine ecosystems (Phillips ez al., . e . e
. . S light conditions (darkness or low light prevailing in
2011). In addition to their prime importance for 5 . i . .
. . winter and under ice cover, but 24-h light in mid-
ecosystem function, several species of the

. . . summer), accompanied by low water temperatures
Laminariales are economically important and

used as a food source in Asia and Europe (Lane ES,KHS/: & Wlelnclfe,. 1995)'1‘ The lperenzlal . ke‘IP
et al., 2006), for the alginic acid food additive accharina atissima . (formerly amimnarta

industry (Crépineau et al., 2000), and as valuable saccharina) ha.s a c1rcump91ar dlStI‘lbu.tIOIl in the
. . northern hemisphere and is common in polar to
sources of  biochemical compounds and

temperate coastal waters (Bolton et al., 1983;

Borum er al., 2002). It grows in both clear and

Correspondence to: Sandra Heinrich. e-mail: Sandra.Heinrich@ turbid coastal Wa,lters’ from the intertidal down.to
awi.de 30m depth, and is consequently exposed to a wide

Kelps — large brown algae belonging to the order
Laminariales — are distributed on rocky coastal
shores in cold to temperate regions from the
Arctic to the Antarctic (Lane et al., 2006). They
form huge beds, which are the primary habitats
for many different invertebrates, e.g. bryozoans
and crustaceans (Carlsen et al., 2007). In temperate
regions extensive kelp forests represent some of the
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