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1 GENERAL INTRODUCTION

1.1 IMPORTANCE OF MARINE PHYTOPLANKTON

Marine phytoplankton is represented by more than 20,000 microscopic
unicellular species of marine photoautotrophs (Falkowetkial., 2003) and is
ubiquitous in the world’s oceans which cover around 70% of the planet'sesults
contribution to the global primary production is often disregardezhuse they
account for less than 1% of the global primary producer bioma#iso(¥ski et al.,
2004). However, it is responsible for more than 45% of the Earth’s anntial ne
primary production, which is roughly equal to the contribution of terakgttants
(Field et al., 1998). Grazing, viral attack, programmed cell death, and sinking into the
deep ocean balance the phytoplankton production (Falkowskal.,, 1998).
Consequently, the system is characterized by a high turnoverandtea small
standing stock. Phytoplankton forms the base of the marine food clubits gnowth
is primarily limited by light, nutrients and temperature (Falkkw& Raven, 2007).
Winter and autumn storms increase the availability of nutriemis thereby
enhancing the growth in particular of bloom formers including diatom
dinoflagellates and coccolithophores. These blooms can be observed neaaghe
and/or in upwelling ecosystems (Smetacek, 1999, Smayda, 2000). Diatamatkzm
blooms occur mainly in turbulent, low-stratified waters during gpinme (Smayda,

1997). In contrast coccolithophore-dominated blooms are found in nitrate-rich but
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phosphate-poor, well stratified waters during late spring ang eammer (Haidar &
Thierstein, 2001). From about 250 coccolithophore species (Winter & 5i2954),

the two speciessephyrocapsa oceanica and Emiliania huxleyi are the only bloom-
forming coccolithophores.

The importance of phytoplankton is due to its effect on global cirlagdnge
through its key role in regulating geochemical cycles sucheglbbal carbon and
sulphur cycle. Hereby, marine phytoplankton is responsible for mdkedfansport
of organic matter to the deep ocean and the sediment (Falketalkj 2004) thus
impacting on atmospheric carbon dioxide ¢CQ@Nestbroeket al., 1993). In this
context the phytoplankton functional groups including coccolithophores alsellas
as dinoflagellates, diatoms and cyanobacteria are of major impargakkowskiet
al., 2004). In the process of photosynthesis carbon dioxide is incorporated into
particulate organic carbon (POC). Around 45 gigatons of POC are pcbdanaally.

More than a third is exported to the ocean interior (Falkoweslal., 1998). A
combination of two fundamental processes, the physical and thegiball@arbon
pump, is responsible for the partitioning of Clietween atmosphere and ocean. The
physical or so-called solubility pump describes the verticabararflux due to
differences in C@ solubility of warm and cold water (Ito & Follows, 2003). The
biological pump can be sub-divided into the organic carbon pump and the carbonate
pump. The term “organic carbon pump” refers to the photosynthetic production of
POC in the surface ocean and its sinking to depth (Volk & Hoffert, 198%.
carbonate pump includes the production of calcium carbonate (terno#ccation)

by marine organisms (mainly coccolithophores and foraminiferd)ita subsequent
transport to depth (Rost & Riebesell, 2004). Although both biological carbon pumps
remove carbon from the surface ocean, they have, on the productiorojgyvesite
effects on the C@®concentration of surface waters as explained in the following.
Photosynthesis consumes carbon in the form of, @aus reducing the dissolved
inorganic carbon (DIC) of the water without affecting totddahhity (TA). This

shifts the carbonate system towards lower,GfOncentrations and higher pH.
Calcification consumes carbon in the form of £Cthus reducing both DIC and TA

in a 1:2 ratio. This shifts the carbonate system towards highgc@hcentrations and
lower pH. Therefore the overall ratio of photosynthesis to cadtifin determines

whether a plankton community increases or decreases cGrentration of sea
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surface water. Another important difference of the two biologiagbon pumps is the
preservation of the exported calcium carbonate that is buried isettiments and
eventually subducted (Van Capellen, 2003).

Coccolithophores also play an important role in other elemenésyelg. the
calcium cycle (De La Rocha & DePaolo, 2000) and the sulphur cycén(lt al.,
1994). When subject to grazing or during viral infecti@, huxleyi, a prolific
coccolithophore, produces high amounts of dimethylsulfoniopropionate (DMSP), an
important component in the sulphur cycle (Keller, 1989, Metlal., 1992). DMSP is
the precursor of the trace gas dimethyl sulfide (DMS),nts&on may contribute to
marine cloud formation and climate regulation (Andreae, 1990, Malah., 1992,
Lisset al., 1997, Stefelst al., 2007).

Besides their importance in biogeochemical and nutrient gyctemine
phytoplankton is also intensively studied due to its contribution to biodiyevalue
as a gene pool in times of global biodiversity loss (Pistral., 1995), and as a
potential source of natural products (Shimizu, 1996).

1.2 THE COCCOLITHOPHORE EMILIANIA HUXLEYT

Coccolithophores are unicellular, marine algae belonging to thsiatvof
Haptophyta and the class Prymnesiophyceae (Edvaetisén2000). One prominent
feature of the coccolithophores is the ability to produce an extéskelermed of
minute calcite plates, the coccoliths. The life cycle of cottemphores consists of a
diploid stage characterized by the production of so called heteaitbs and a
haploid stage, in which usually so called holococcoliths are produckardBiL994).
Heterococcoliths and holococcoliths have very different morphologigsh makes
it easy to tell the two life cycle stages apart. On cam@asions combination cells are
found, i.e. cells displaying both types of coccoliths (Geigeal., 2002). The first
fossil record of coccolithophores can be traced back to the Lassitri(~225 Ma)
(Bown et al., 2004). They first became abundant in the Jurassic (~150 Ma) (Morse &
Mackenzie, 1990) and reached their greatest abundance in therketdeeGus (~80

Ma), becoming a major factor in the global carbonate cyclg,(B@04). Nowadays,
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they are considered to be, besides foraminifera, the most prodwetiogying
organism on earth (Baumaenal., 2004).

Emiliania huxleyi ranks among the ten most important coccolithophores in
terms of calcite export (Baumamhal., 2004).E. huxleyi has evolved from the older
genus Gephyrocapsa 268.000 years ago (Thierstem al., 1977) and became
dominant around 70.000 years ago. It is now the most abundant coccolithophore in
the marine system except in polar waters (Brand, 1994, Wah&tr, 1994, Paasche,
2002, Marsh, 2003)E. huxleyi has spherical cells of 3-10 um in diameter and is
therefore one of the smaller coccolithophords. huxleyi is an atypical
coccolithophore. Firstly, it does not produce holococcoliths. Secondly, itpleom
life cycle includes the coccolith-bearing non-motile (‘C-cefitage alternating with
naked non- motile (‘N-cell’) and scale-bearing flagellated €83 stages
(Klaveness, 1972). The C-cell and N-cell stages are typici#ipid whereas the
motile S-cell stage is haploid (Greenal., 1996). Both diploid and haploid phases
are capable of independent asexual reproduction. A third featuremtieesE.
huxleyi an atypical coccolithophore is the fact that it forms immepsstal and open
ocean blooms. The blooms occur from sub-polar to tropical latitudesh(Ba#t.,
1992, Brown & Yoder, 1993) and can cover more than 50.000 km? (HoHigaln
1993, Winteret al., 1994, Sukhanova & Flint, 1998). These blooms can be detected
via satellite imagery due to the reflection properties otctieeoliths (Holligaret al.,
1983, Balclet al., 1991).

The size and intensity of these blooms mdkdsuxleyi important for nutrient
and CQ cycling and biogenic sulphur production (in the form of DMS) inrntfagine
environment. Consequently it is a key species for current studies abal gl
biogeochemical cycles and climate modelling (Westbreiedd., 1994). Since viral
infection is an important termination factor of the vast bloonis. diuxleyi (Bratbak
et al., 1993, Jacquett al., 2002), it is of particular interest to understand this host-

virus interaction.
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1.3 MARINE VIRUSES

Viruses are small, non-cellular particles composed of eitheA DN RNA
(double- or single-stranded) embedded in a protein coat known as capsithyhiae
surrounded by an envelope. They are metabolically inert and do noerespwe or
grow. Outside their host cells, viruses exist as virus pastiglso named virions. The
virion has the function to protect the genome of a virus and to delivgoia host
cell for replication and packaging into new virions. Since the \gehome is
typically small, the question arises how viruses can encodeealhformation needed
for their reproduction. They utilize host cell proteins, overlappingl \genes, and
multifunctional viral proteins. Once introduced in a host cell, viruségeuthe host
machinery in order to enhance the efficiency of the replicgtioness. Therefore, the
intracellular environment of their host is modified, which mightudel production of
a new membranous structure, reduced expression of cell genesaocemient of a
cell process (e.g. transcription and translation).

In the oceans, viruses are the most abundant biological entidsnian,
1999, Suttle, 2000, Wommack & Colwell, 2000) and infect all organisms from
bacteria to whales (Suttle, 2005). It is estimated that thenenanvironment contains
10*° viruses (Suttle, 2007). Most of the viruses described to datpecies-specific:
they infect a single host species and sometimes even a diraghevathin a species.
Due to their immobility, viruses depend on passive movement to contagtable
host (Brussaard, 2004, Weinbauer, 2004). Consequently the encounter rat@ laetwee
virus and a host is directly affected by their relative abundances, liespect

Several studies have shown the infection of a wide range ofiacighe
(Van Ettenet al., 1991, Van Etten & Meints, 2003) including bloom-forming marine
phytoplankton (Jacobsest al., 1996, Sandaet al., 2001) likePhaeocystis globosa
(Brussaardcet al., 2005),Heterosigma akashiwo (Nagasaket al., 1994a, Nagasalat
al., 1994b, Nagasaki & Yamaguchi, 1997) aBohiliania huxleyi (Bratbaket al.,
1993). Through their various infection potential viruses are playing taroroles in
nutrient and biogeochemical cycling (Fuhrman, 1999, Wilhelm & &ut999), and
influence structure and diversity of microbial and phytoplankton contrasni
(Fuhrman, 1999, Wommack & Colwell, 2000). During the last two decatbesame

evident that viruses affect the biogeochemical cycles throughethdysis of the
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hosts. Viral lysis affects the efficiency of the biologigaimp by increasing or
decreasing the relative amount of carbon in exported production (0@l&é). This

so called *“viral shunt” moves material from heterotrophic and plogbic
microorganisms into particulate organic matter (POM) and dissaxgahic matter
(DOM) (Middelboeet al., 1996, Gobleret al., 1997, Middelboe & Lyck, 2002,
Middelboe & Jorgensen, 2006), which is mostly converted te I§Qespiration and
photodegradation (Fuhrman, 1999, Wilhelm & Suttle, 1999, Weinbauer, 2004, Suttle,
2005). Furthermore, the accelerated sinking rates of virus-infedisdrmease the
transport of organic molecules from the photic zone to the deep ocaane(iceet

al., 2002, Lawrence & Suttle, 2004). In addition, viral lysis of phytoplankton may
also be an important source of DMSP and therefore influencingldhal gclimate
(Charlsonet al., 1987). Laboratory studies demonstrated the increase of DMSP in the
media during viral lysis oPhaeocystis pouchetii, Micromonas pusilla, andEmiliania
huxieyi (Hill et al., 1998, Malinet al., 1998, Wilsoret al., 2002).

Because of its importance for the global biogeochemical cyt¢ieshlbom-
former E. huxleyi is the most studied eukaryotic phytoplankton host-virus system to
date (Bidleet al., 2007). A range of different viruses specific tarhuxleyi (EhV)
were first isolated from blooms in the English Channel and offy@&er Norway
(Castberget al., 2002, Wilsonet al., 2002). These viruses were further analyzed for
their phylogeny (Schroedet al., 2002, Allenet al., 2006c), ecological succession in
mesocosm experiment (Schroedeml., 2003, Martinézet al., 2007), and genome
structure ofEmiliania huxlieyi virus 86 (EhV-86) (Wilsoret al., 2005, Allenet al.,
2006b, Allenet al., 2007). Characterization of their sequences revealed Bhat
huxleyi specific viruses are double-stranded DNA-containing lytic vewgigh large
genomes, approximately 410 kb in size (Wilssral., 2005) which belong to the
Coccaolithoviruses (Schroedeet al., 2002) a genus within the famiBhycodnaviridae
(Van Ettenet al., 2002).

A recent study shows, th&t huxleyi can escape viral attack by switching its
life cycle from a diploid to haploid (Frada al., 2008). This motile, noncalcifying
haploid stage is impervious to viruses and therefore resistant totkavisfect and
lyse the diploid calcifying phase. Besides tHis,huxleyi strains which are virus
resistant show higher DMSP-lyase activity than strains ahatsusceptible to virus

infection (Schroedeet al., 2002). So far, nothing is known about the genes being
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expressed irE. huxleyi during the viral infection. It was, therefore, one of the
objectives of this study to elucidate genes involved in the host-viresaation, to

speculate on the infection mechanism.

1.4 GENOMICS

Considering the vital role of coccolithophores in the marine carbde @yis
of great interest to get a deeper insight into their geneti@hility, population
biology and ecophysiological properties in order to be able to eealatinfluence
of global environmental change.

Over the last decade genome-based technologies have contributed
significantly to the understanding of algal ecology and evolution garas, 2005).
Marine ecological genomics is the study of the genomes ohisrga, combining
molecular biology with computing sciences, statistics and ngmeuqt, with the goal
to understand the relationship between ecosystem processes and bigdivers
(Lawton, 1994, van Straalen & Roelofs, 2006, Dupbiat., 2007). The most popular
genome technologies in this area include (1) whole genome sequenckey of
organisms such as the red al@ganidioschizon merolae (Matsuzakiet al., 2004,
Nozaki et al., 2007), the green alg@hlamydomonas reinhardtii (Merchantet al.,
2007), and the diatonPhaeodactylum tricornutum (Bowler et al., 2008), (2)
barcoding, (3) expressed sequence tag (EST) collections andc(épmays. The last
two approaches are the most common methods used to date and willussetiso

detalil.

1.4.1 EXPRESSED SEQUENCE TAGS

Expressed sequence tags (ESTs) are short sub-sequences produced from
complementary DNA (cDNA) libraries with 200-800 bp length. cDNAdites are
constructed from mRNA isolated under specific conditions at a pktitme. They

are cost-effective and provide a robust sequence resource tha¢ explbited for
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gene discovery, expression profiling, evolutionary and taxonomy studiesamay
design, genome annotation and comparative genomics (Radaiki 1998, Schmitt

et al., 1999, Rudd, 2003, Dupost al., 2007). Normalization procedures have been
used to reduce the abundance of highly expressed genes therelhyngntie
sampling of rarer transcripts (Soares al., 1994). More recently, subtraction
techniques have been used to construct libraries depleted of claredyadubjected
to EST sampling (Bonaldet al., 1996).

Up to now, ESTs had helped in the discovering of genes in organisms for
which genomic data are unavailable (Hacketttal., 2005, Lidie et al., 2005).
Furthermore, ESTs identified novel genes involved in e.g. salinityeropérature
stress response (Kore-egtal., 2004, Reuscht al., 2008).

Several studies focusing on fungal- and viral-infected plants &S were
reported (Hsiang & Goodwin, 2003, Ventelon-Debeudl., 2003, Goodwiret al.,
2004, Jantasuriyarat al., 2005) indicating the usefulness of ESTs for the discovery
of genes involved in host-pathogen interaction. Once a virus has dttaclaaE.
huxleyi cell, there follows a complex propagation strategy that is aibedrlargely by
the virus, however, it is a life cycle which is still unknown. The goesarises what
kind of genes are involved in the viral lysisEfhuxleyi blooms. Which genes i&.
huxleyi are expressed during the host-virus interaction related to Spenmse to
infection and possible resistance? Furthermore, what kind of viral genegerssed
during infection and how is this related to virulence and the yaliditgrow and
reproduce in the host? Different scenarios are possible, from dengbletdown of
the host on infection through to a predominantly host controlled protesse
extremes are improbable and it is likely the truth lies sameesv in-between.
Determination of the complete host response to infection is cleaylgnd the scope
of a single project. It was therefore one of the objectives oftltleisis to gain more
information about the responsetfhuxieyi to viral infection and the interaction with
EhV-86 during viral infection by taking advantage of EST librarid® Gonstruction
of ESTs fromE. huxleyi at different stages of viral infection could thus be an
effective means for expression analysis of virus infectedi@gdtfor which the viral
genome is known. With the draft genomeEohuxleyi CCMP1516 and the complete
genome of EhV-86 available, it is possible to determine thegereximber of ESTs
from both, the host and virus, in all EST libraries. Results ofstiidy publication |
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and Il) provide insights into the infection mechanisms of the virus EhVA8E.

huxleyi.

1.4.2 MICROARRAYS

First applied in the mid 1990s (Schestaal., 1995), microarray technology
has become a routine and essential tool for gene expression pr@fiingg &
Cavalieri, 2003). The advantage of microarray technology is théyatml study
thousands of genes in a single experiment dlial., 2002). Therefore DNA
microarrays have a wide range of applications including gene exprga®filing,
gene discovery, detection of single nucleotide polymorphism (SNBs)parative
genomic hybridization (CGH), disease diagnostic, pharmacogenonans,
toxicology research (DeRist al., 1997, Yeet al., 2001, Liet al., 2002).

DNA microarrays are based on a minimized, but high throughput féran o
dot blot, and consist of an arrayed series of thousands of DNA fragment
immobilized onto a surface, such as coated glass slide or mem{feet al., 2001,
Gentry et al., 2006). They can be made either by the mechanical spotting of
presynthesized DNA products like cDNAs of up to several hundred base pai
(DeRisi et al., 1998, Eisen & Brown, 1999) or by the situ synthesis of 60-mer
oligonucleotides (Lipshutet al., 1999, Yeet al., 2001, Liet al., 2002). Following the
production of a DNA microarray, microarray experiments areopaidd by sample
isolation and preparation, hybridization and data analysis. Depending on the
application either DNA from e.g. two different strains or RNé@nf e.g. an infected
and uninfected sample is used as starting material. Prepanptesaare labelled with
two different fluorescent markers and co-hybridized to a mitmgaunder high-
stringency conditions. After hybridization the signal intensitas detected via

fluorescent excitation by a microarray scanner.
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1.4.2.1 GENE EXPRESSION PROFILING

Comparing ESTs and microarray analysis revealed that the cdmobird
both methods is advantageous in estimating the expression leveleofrgescripts
(Munozet al., 2004). It has been shown that important functions in an organism are
indicated by highly expressed genes (Dupental., 2007). Transcripts of low
abundance may not occur at all in an EST library but the absence¢ mecessarily
evidence for not being expressed under a different condition (Bouclsi&nyi2007).
Hence, the EST approach for simultaneous discovery and idemificat host and
viral genes involved in viral infection were complemented with micayaanalysis

to enable the detection of even more subtle changes in gene expiasiication

).

1.4.2.2 COMPARATIVE GENOMIC

Comparative genomic hybridization (CGH) is currently one of thetmos
powerful microarray techniques to compare DNA copy numbers between
genomes of e.g. closely related taxa, such as sub-speciesaansl €GH is used to
compare the genes present, absent or divergent in the genomes eof.ifitezeefore,
two different fluorescently labelled genomic DNA samples @vepared by co-
hybridization. Polymorphisms and insertions can be detected as aiordoc
elevation of a hybridization signal (Gibson, 2002). Whole genome compani$ons
different strains of various microbes indicate that polymorphi@ngéne content is
not uncommon (Riley & Serres, 2000, Pearsbal., 2003, Watanabet al., 2004),
suggesting genetic adaptations to different ecological nichegio®sestudies have
reported different genome sizes among different morphotypds biixleyi from
different geographical regions (Medla al., 1996, Iglesias-Rodrigue al., 2002).
Results indicate the presence of different ecotypek. diuxieyi potentially with
differences in genome organization in response to environmental contidns
potential threats, such as viral infections. For that reason, CGH amplied to
estimate genetic variation at the genomic level oElBuxleyi strains from different
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geographic origin with the aim to identify genes correlated nas\susceptibility and
morphology publication Il ).

1.6 OUTLINE OF THE THESIS

In this thesis, molecular techniques were applied to improve our
understanding of mechanisms and interactionErafiania huxleyi that take place
during viral infection. Furthermore, genomic differences in sdvstrains ofE.
huxleyi from different geographic origin were investigated to deteenkiey genes in
respect to viral susceptibility and morphology. Identified genek lveila starting
point for further investigations using molecular approaches. The re$uhs thesis
will improve our understanding oE. huxleyi and Coccolithoviruses as vital

components of the global carbon cycle.

Publication | reports the first construction of EST libraries Eriliania huxleyi
throughout a viral infection process and shows the possibility to ndeter

differentially expressed genes using cDNA libraries within this approach.

Publication II examines the effect of viral infection &nhuxleyi through ESTs in a
larger way and made it possible to speculate on mechanism of theirhest
interaction that occur in the host cell during viral infection in bp#rtners.
Furthermore, a comparison of two different methods to determineretitially

expressed genes is provided.

Publication Ill investigates the biodiversity of I8 huxleyi strains from different
geographic origin with regard to virus susceptibility and morphology ugemgmic

DNA for comparative genomic hybridization on oligoarrays.

In a concluding discussion main results of this thesis are sumedaand
discussed with respect to bloom dynamics, virus-host interactions, aredicge

diversity. Finally, perspectives are given for future research.
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Abstract

Blooms of the coccolithophori@Emiliania huxleyi can be infected by viruses,
which can lead to bloom-termination. This pilot study used an expresse
sequence tag (EST) approach to get a first view of gene expresmnges that
occur during viral infection oE. huxleyi. cDNA libraries were constructed from
uninfected cultures and 6, 12, and 24 h after infection twithuxleyi-specific
virus 86 (EhV-86). From each library 60 — 90 ESTs were randomlytedlaad
annotated manually with PhyloGena. Viral genes were identifiedy BAST-
Search of the known viral genome. The data of this study show, thaftérh a
viral infection the algal transcriptome changed significaatthough few viral
transcripts were present. At this point, changes mainly concdraadcripts
related to photosynthesis and protein metabolism. However, after 24 1h vira
transcripts were most abundant. Viral transcripts found at thge sté viral
infection encode proteins involved in protein degradation, nucleic acid

degradation, transcription and replication.
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1. Introduction

Emiliania huxleyi (Lohmann, 1902, Hay et al., 1967) is the most abundant
coccolithophore and an important member of the marine phytoplankton.dtlis w
known for its immense coastal and open ocean blooms ranging from sulbepolar
tropical latitudes (Balch et al., 1992, Brown and Yoder 1994) that caer c
10,000 km?2 or more (Holligan et al. 1993, Winter et al. 1984huxleyi is also
regarded as a major sink for calcium carbonate carbonate in the ocean (Eide 1990,
Samtleben and Bickert 1990, Baumann et al. 2004). Due to the reflettioair
coccoliths blooms can be observed by satellites (Holligan et al. Ba83) et al.

1991).

The abundance and wide distributionEfhuxleyi and its production of
calcium carbonate coccoliths and dimethylsulfide (DMS) méalkan important
species with respect to sediment formation and to ocean climeteatural acid
rain (Charlson et al. 1987, Westbroek et al. 1993, Malin et al. 1994). Fodfe
it is a key species for current studies on global biogeochemicialscfyWestbroek
et al. 1994).

Viral lysis is thought to be one of the main causes for the terminatién of
huxleyi blooms. Several studies have investigated the role of viruses in
controlling the bloom-forming oE. huxleyi (Bratbak et al. 1993, 1995, 1996,
Brussaard et al. 1996, Castberg et al. 2001, Jaquet et al. 2002, WesdlDé8,
2002a, 2002b). It became evident from these investigations that viruses are
intrinsically linked to the decline d&. huxleyi blooms.

Viruses are the most abundant biological agents in marine aquatic
environments (Bergh et al. 1989, Suttle 2000, Wommack and Colwell 2000) and
it is likely that most microbial organisms can be infected with a paatisiduses.
Therefore they play important roles in nutrient (Wilhelm andI&ui®99) and
biogeochemical (Fuhrmann 1999) cycling, and influence structure aedsity
of microbial and phytoplankton communities (Fuhrmann 1999, Wommack and
Colwell 2000). Viruses have also been observed to infect a wide cdragjuatic
algae (van Etten et al. 1991, van Etten and Meints 1999), including bloom-
forming marine phytoplankton (Nagasaki et al. 1994a, 1994b, Jacobsen et al.
1996, Nagasaki and Yamaguchi 1997, Sandaa et al. 2001).
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A range of different viruses that infeEt huxleyi (EhV) was isolated from the
English Channel and off the coast of Bergen, Norway (Castberg €0@2,
Wilson et al. 2002b) and were analysed for their phylogeny (Stdrost al.
2002), ecological successions in mesocosm experiment (Schroealer2603)
and genome structure (EhV-86) (Allenh al. 2006, 2007, Wilson et al. 2005).
Characterization of their sequences revealed thaE.thexleyi viruses are large
double-stranded DNA viruses with genomes approximately 410 kbp inrsize a
that they belong to a new virus genus termed Coccolithovirus basedeon t
phylogeny of their DNA polymerase gene (Schroedsr al., 2002).
Coccolithoviruses belong to th#hycodnaviridae (Wilson et al. 2005), a diverse
family of large icosahedral viruses that infect marindreshwater eukaryotic
algae, they all contain dsDNA genomes ranging from 180 — 560 kb (WameE

al. 2002).

Expressed sequence tag (EST) analysis is a useful toaldp géne expression
and to discover novel genes. ESTs are small pieces of DNA sequbatese
generated by sequencing and based on the creation of a cDNwy.lilBy
statistical evaluation of the frequency of the sequences foifispgenes it is
possible to develop an expression profile at different environmental conditions for
genes of different cDNA libraries. Thereby it is possible to investitied up- and
down regulation of genes (Schnmsttal. 1999) or to compare the gene expression
under different conditions (Rafals&i al. 1998). The establishment of ESTs from
E. huxleyi at different stages of viral infection could thus be an effectieans
for expression analysis of virus infected cultures for which thel genome is
known. ESTs specify the type and rate of viral and host transatiptgarticular
time. As a result of that, it is possible to hypothesise on mestharof host-virus
interaction that occur in the host cell during viral infection in both partners.

The aim of this work was to provide a functionally annotated preami
set of ESTs fronk. huxleyi expressed before and during a virus infection in order
to determine differentially expressed genes. The resulthisfstudy made it
possible to estimate the proportional abundance of viral transcripggation to

the whole transcriptome of the host cell during progression of the infection.
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2. Material & Methods

2.1 Strains and Growth Conditions

Cultures ofE. huxleyi CCMP1516 were grown in f/2 medium (Guillard 1975) at
15°C with a 16:8 light-dark illumination (150 pmol photon% s). Because of
the availability of the complete genome sequence of the virus EhVhE&S,
species was used for the infectionEofhuxieyi. Exponentially growing cultures
(approx. 1.2 x 10cells/ml) were inoculated with EhV-86 lysate (2 ml peelivf
culture, approx. 1 x £pfu/ml) in the middle of the dark phase.

2.2 RNA extraction from uninfected cells

Cultures (50 ml) were harvested on 1.2 um filters (Milliporendfarred into a
cryogenic vial (Nalgene), immediately frozen in liquid nitrogexd stored at -
80°C until use for analysis.

RNA of uninfected cultures was isolated at five different tpo@ts in
series. This approach was chosen because RNA from infecteqsesl®elow)
was taken at different times after infection and as such fateht phases of the
cell cycle. Starting time was at the late exponential @h@pprox. 1 x 10
cells/ml) and the last point was at the beginning of the stajigptase (approx.
3.3 x 16 cells/ml) (Fig. 1). Total RNA was isolated with the RNe&ant Mini
Kit (Qiagen) according to the manual including one more washing veitip
buffer RW1 and buffer RPE and a DNase digestion subsequent to thealorigi
protocol. Afterwards mRNA was isolated with the Oligotex ARNlini Kit
(Qiagen). Before library construction the mRNA from five diffaréme points
were pooled (Fig. 1) and precipitated with 0.5 volumes of LiCl overraght
20°C. Following centrifugation (14,000 rpm, 60 min, 4°C), the supernatant was
discarded and the pellet was washed three times with 100 4eblite’0%
ethanol. The pellet was air dried, resuspended in 10 pl DEPCédtreater and
used for library construction.

2.3 RNA Extraction from Infected Cells

After 6, 12 and 24 hours of virus-infection cultures (250 ml) were fdtémeough
0.45 pum filters (Millipore). The filtrate was discarded and the filtenssferred to
clean petri dishes. Cells from each filter were resuspended ni &f 1 x
Phosphate buffered saline (PBS), centrifuged (20,000 g, 5 min), resusfended
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vortexing) in 2 ml RNAlater (Qiagen) and stored at -20°C untildyeéor
processing. RNA extraction was performed using an RNeasy Midifagen).
Samples were centrifuged (20,000 g, 2 min) and the pellet resuspendeal in 2
RLT buffer (+ 20ul 2-mercaptoethanol). Following vigorous vortexing (1 min, in

5 second bursts), the samples were spun (20,000 g, 5 min) and the supernatant
transferred to a 15 ml Falcon tube containing 2 ml 70% ethanol. Following
vigorous mixing the samples were applied to a Qiagen MidiPrep oolum
centrifuged (3,200 g, 5 min) and the flow-through discarded. Columms we
washed twice with 2.5 ml RPE buffer (3,200 g, 5 min) and transféor@adnew
Falcon tube. RNAse free water (2pl) was added, the samples incubated (room
temperature, 1 min) and the RNA eluted by centrifugation (3,200 g, 5 min).

To precipitate RNA solutions, 0.5 volumes of 7.5 M & and 2
volumes of 100% ethanol was added and the samples incubated at -80°C
overnight. Following centrifugation (20,000 g, 30 min), the supernatant was
discarded and the pellet washed twice with 0.5 ml 70% ethanol (20,000 g, 30
min). The pellet was air dried, resuspended in 50 pl RNase fitee ared stored
at -80°C.

2.4 Library construction

The uninfected library stems from pooled RNA collected throughaugtbwth
curve and from 2 independent cultures (Fig. 1). Less than 1 pg ofAnviRixe
used to establish a cDNA Library with the CloneMiffercDNA Library
Construction Kit (Invitrogen) according to the manual. Firstnstrsynthesis was
performed using a BiotiattB2-Oligo(dT) primer with the following sequence:
Biotin-GGCGGCCGCACAACTTTGTACAAGAAAGTTGGGT (T and
SuperScript” 1l Reverse Transcriptase. Subsequent to the second-strand
synthesis usingzscherichia coli DNA polymerase, blunt end products were
ligated with arattB1 adapter through T4 DNA Ligase. After size fractionation (>
500 bp) cDNA-fragments were cloned into the cloning vector pDONR 282 wi
the BP Clonase enzyme. Plasmids were used to transformofestrDH10B
competent cells via electroporation, and random clones were pickegdbty

control analysis.
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2.5 Construction of cDNA libraries after virus-infection

Total RNA (4 ug each) was used for the construction of cDNAies prepared
by vertis Biotechnologie AG (Munich, Germany). From each teiA poly A+
RNA was prepared. With the poly"ARNA first-strand cDNA synthesis was
performed using an oligo(dT)-linker primer and M-MLV-RNasé tdverse
transcriptase. Synthesis of the second strand was carriedtbwt v@ndom linker
primer and Klenow exo- DNA-polymerase. The resulting cDNAsewttren
amplified with 17 (6 and 12 hours p.i.) and 16 cycles (24h) of LA-PCRné&3ar
1994).

For cloning, the cDNAs were subjected to a limited exonucleaaement
to generate 5’ overhangs at both ends of the cDNAs. After sz&@dnation on
an agarose gel and elution of cDNAs > 0,5 kb the cDNAs were idmediy
ligated into theEco RI and Bam HI sites of the plasmid vector pBS Il sk+.
Ligations were electroporated into T1 Phage resistant TranafoMEC100M—
T1R (Epicentre) electro-competent cells. After transformatiorgegtyl was added

to a final concentration of 15% (v/v).

2.6 EST sequencing

Plasmid DNA was isolated using a standard alkaline lysisepge, and
unidirectional sequencing was accomplished using the M13 HEDGE rtbrwa
primer (TGA GCG GAT AAC AAT TTC ACA CAQG) for the uninfeetl library
and the M13 forward primer (TGT AAA ACG ACG GCC AGT) fdretinfected
libraries, providing sequence from the 5° end of cDNA clones. Sequeweaisig
performed according to the principle of Sanger (1977) using Big&ryeinator

chemistry from Applied Biosystems.

2.7 Data analysis

For identifying the function of ESTs, sequences were analygdtebprogram
PhyloGena (Hahnekans al. 2007) on the basis of the SwissProt database. This
is a system for an automated phylogenetic annotation of ESTss gerk
genomes. It automatically constructs phylogenetic trees mer ®RF basis and
allows annotation on the basis of the function of the neighbouring sequences

the tree. This method is more reliable than simply assumintutiotion of the
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“best hit” in a BLAST search. As a threshold for a significsintilarity we used
an e-value of 10

Viral transcripts were identified by BLAST searches ¢fEE8Ts against
the EhV-86 genome A corresponding analysis verified the origin |obthér
transcripts from the alga by similar searches againgt.thaxleyi draft genome,
i.e. the trace files of the sequencing runs (http://www.jgi.doe.gov/)..

3. Results

The aim of this work was to create an initial datasethefgene-expression that
occurs during infection of thE. huxleyi strain CCMP1516 with the virus EhV-
86. Therefore we constructed an EST-library from non infected egits
compared it with three EST-libraries after virus-infection (6, 12 and 24 hours).
3.1 Identification and annotation of the ESTs

After elimination of vector- and other problematic sequences, higliygual
ESTs with an average length of 520 nucleotides were used fadeahgfication
and annotation of the sequences. All ESTs were tested for thgiim &om the
alga and from the virus by BLAST searches against the EhV-86 gemodnihe
E. huxleyi draft genome. There was no EST present which did not match either
database. All genes were manually annotated. The annotated EST8bAST
e-value smaller than or equal to 10dentification was based on phylogenetic
analysis of all ORFs using PhyloGena. In all libraries the largestidn of ESTSs,
both host and virus, were those of unknown function or those not producing any
significant hit in BLAST searches.

It was possible to annotate 78 sequences from the uninfected liBrary.
proportion of 17% (13 ESTs) of the sequences encoded for fcp or &p-lik
proteins involved in light harvesting and 50% (39 ESTs) were proteins with
unknown function. Furthermore, proteins were identified involved in
photosynthesis, the cell cycle, transcription and protein metabolism (Tab. 1).

From the library 6 hrs after virus infection 67 sequences were &eanota
from which 64% (43 ESTs) were encoded for unknown proteins. Most of the
identified proteins are ribosomal proteins and elongation factors,hwdrie
responsible for protein synthesis (Tab. 2). In this context, expres$iHSP70

and s-adenosylhomocysteinase are conspicuous because they are aanrfdicat
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stress. In contrast to the uninfected library, no fcp-like proteims wdentified in
the EST library generated 6 hrs post viral infection. However, theses of
unknown function from the virus EhV-86 were identified.

Twelve hours post infection 82 sequences could be annotated. In this
EST-library, 58.5% (48 ESTs) of the ESTs had no significant megelmst the
SwissProt database in BLAST searches and were classiiegraaeins of
unknown function. However, 12% of the 82 ESTs were ribosomal proteins which
are involved in protein metabolism (Tab. 3). We could identify 5% (4sE8T
viral genes of unknown function. The expression of stress proteinotk®ase,
RAS-like protein and HSP70 is also conspicuous. Fcp-like proteins wsre a
missing.

After 24 hours the host viral assemblage transcriptome is domibgted
the virus. 80 ESTs of 91 annotated sequences were viral genes. Tha of
host genes could be identified as 60S ribosomal protein L8 and GDR:bee®&a
4, 6-dehydratase. Only 10% of the viral genes had significant matohes
SwissProt (Tab. 4). All of the viral proteins of unknown function had atheng
between 800 and 1100 bp.

By comparing the ESTs divided into different functional categones
found that before virus infection photosynthesis-related genes dommate i
host, but after 6 hrs post infection their abundance decreases rapithg i
libraries (Fig. 2). Furthermore, after 6 hrs virus infectioresstrinduced host
genes were identified. 24 hrs post infection the viral genedycl@aminate the

library. In all libraries a high number of genes of unknown function were found.

4. Discussion

Our data show that it is possible to determine expression prdiilesghout a
viral infection process using EST libraries. In our case wesvucky to have
available genome sequences for both partners, i.e. the virus and thEhbeste
were able to determine the exact number of ESTs from both paiméne
libraries. Our data show, that a large proportion of genes aatieth partners
are of unknown function. These genes would have escaped the analysisgive
had focussed on known genes and using classical approaches. It istbee of

strengths of the EST approach that also those genes are found that are unknown. .
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4.1 Possible infection mechanism of the virus EhV-86 by E. huxleyi

These conclusions are based on approx. 320 annotated EST-sequencess but the
is still a trend recognizable. Less than 6 hrs post infection tius geems to
change the expression patterrEohuxieyi significantly. Our data indicate down-
regulation of photosynthesis genes, which is also known in the infextoba of
Paramecium bursaria Chlorella Virus-1 (Seatoret al. 1995). Viral infection took
place in the middle of the dark phase and the first sample wasdtke 6 hr, i.e.
early in the light phase. During this phase one would expect photosyrgbess

to be upregulated. . huxleyi downregulation of photosynthesis genes took
place on the benefit of up-regulation of genes related to gene spremd
protein synthesis possibly to enhance the expression of viral proidiasup-
regulation of transcription and translation genes of the host coulttbeed by
the virus to facilitate transcription and translation of its geesy a few viral
transcripts seem to be required for that, because in the 6h BE&iylonly a
minority of 4.5% of the sequences were found to have a viral origin.

It is remarkable that after 6 and 12 hrs virus infections onlgwa\iral
transcripts appear, but that, nevertheless, drastic changes igehesexpression
patterns were induced. After 24 hrs the transcriptiorE.ohuxleyi seemingly
comes to a standstill. Now the share of viral transcripts irE®E library has
reached 90%.

Viral RNA polymerase genes are activated, which may preferabl
transcribe viral genes or host genes required by the virus. Fudbe
endonuclease and clp-protease appear which could be responsible for the
degradation of host DNA and host proteins. The virus has taken over
transcription at the latest 24 hrs after infection, approximateydoubling time
of the alga in culture; this could mean that the infection is @e®lto the cell
cycle of E. huxleyi. The reason could be the need of particular host proteins, e.g.
for transcription, replication or translation, all of which occur maaganised

form during host cell cycle.

4.2 Outlook
More sequences are required to be able to draw more rdtiabddusions about

changes of the host expression pattern during viral infection. Irorigeing
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project we have established EST libraries comprising setreratand sequences
for E. huxleyi. The next step currently under way is to use the sequence
information to establish genome arrays for alga and virus anddensgenomes
of variousE. huxleyi and virus strains for genomic differences, and subsequently
for transcriptome differences.

Twelve hours after infection, the virus affects the host expregsitiarn
of E. huxleyi significantly, but after 24 hrs the effect was drastic. Dutimg
twelve hour period there seems to occur a lot of change in ression of the
host and the virus. To get further insight into the infection cyclepitld be of
particular interest to construct and analyze a cDNA-libedtgr 14 -18 hours of
virus-infection, because the virus, described by Castber@. (2002) has a

latency of 12-14 hours.
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Figure legends

Figure 1. Growth curve of an uninfectdéimiliania huxleyi culture and the time
points for the pooled mRNA (demonstrated by black arrows). The aney
dashed arrow shows the equivalent position where the virus was tuldeel

culture (approx. 1.2 x £&ells/ml) in the separate infection experiment.

Figure 2. EST expression profile dEmiliania huxleyi before and during virus
infection divided into different functional categories based on theiatipat

function in per cent.
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Tables

Table 1.EST assembly results of E. huxleyi before virus infection

Sequence name Frequency evalue Putative function
Unknown protein 39 - -
Fcp-like 10 16° Photosynthesis
Fucoxanthin Chlorophyll a/c binding 3 10%° Photosynthesis
protein (fcp)
Light harvesting complex (LHC) 3 18 Photosynthesis
Cyclin dependent kinase regulatory subunit, 2 10% Signal transduction,
putative cell communication,
cell cycle
Alpha-glucosidase 2 19 Galactose metabolism
Beta-hydocyacyl-ACP dehydratase *to Fatty acid synthesis
Hypothetical conserved protein, 2 o -
Chromosome condensation regulator- 1 108 Regulation of the
like protein condensation of the
chromosomes
Eukaryotic translation initiation factor- 2 10% Initation of translation
like protein
Trehalose-6-phosphate-synthase 290 Starch and saccharose
metabolism
Ankyrin related protein 1 i) Involved in binding of
spectrin at the plasma
membrane
Ferredoxin-NADP-reductase 1 16 Photosynthesis
Glutarredoxin, mitochondrial 1 18 Glutathione
metabolism
Glyceraldehyde-3-phosphate 1 107 Glycolysis,
dehydrogenase (GAPDH) gluconeogenese
N5’-nucleotidase, cytosolic 1 N3y Transcription
NADH-dehydrogenase 1 16 Respiration, fatty acid
oxidation
Protein kinase 1 185 Signal transduction,
phosphorylation
Putative membrane protein o -
Ribosomal protein L3 1 1Y Protein metabolism
RNA helicase 1 1% Transcription
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Table 2.EST assembly results &f huxleyi after 6 hours virus infection.
Frequency e value Putative function

Protein
40S ribosomal protein S11 2 2.0e-42 Protein meisdool
40S ribosomal protein S13 2 9.0e-51 Protein meisdool
60S ribosomal protein L7 2 5.0e-31 Protein metaipoli
60S ribosomal protein L25 1 2.0e-43 Protein metabol
60S ribosomal protein L27 1 2.0e-42 Protein metabol
] Glycolysis;
Adenylate kinase 1 1.0e-42 )
phosphorylation
Elongation factor 1-alpha-like protein ) _
1 1.0e-66 Protein metabolism
(EFn)
EF-Tu like protein 1 8.0e-67 Protein metabolism
- . Calcium binding
Caltractin-like protein 1 1.0e-21 _
protein
Eukaryotic translation initiation factor 3 ) .
_ 1 1.0e-47 Protein metabolism
subunit 7
Chloroplast ferredoxin-NADRreductase 1 9.0e-93 Photosynthesis
) Glycolysis,
GAPDH cytosolic 1 1.0e-34
gluconeogenese
weakly similar to ubiquitin 1 7.0e-23 Amino acidtabolism
weakly similar to phosphoribulokinase 1 4.0e-30 oPatycle
HSP70-like protein 1 8.0e-38 Stress induced protein
Phosphoribosylaminoimidazole- o
) _ 1 7.0e-32 Transcription
succinocarboxamide synthase
S-adenosylhomocysteinase 2 8.0e-51 Amino acid oksalp

unknown protein 43 --
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Table 3.EST assembly results &f huxleyi after 12 hours virus infection.

Protein Frequency evalue Putative function
40S ribosomal protein S19 2 4.0e-21 Protein metsinol
40S ribosomal protein S19-like 1 6.0e-18 Proteitaimelism
60S ribosomal protein L10 2 1.0e-51 Protein metabol
60S ribosomal protein L8 1 2.0e-66 Protein metaioli

78kd glucose regulating protein 1 1.0e-38 Stredsdnd protein
Adenine phosphoribosyltransferase-like o
) 1 1.0e-15 Transcription
protein
ADP-ribosylation factor (Arf) 1 1.0e-40 Stress-iredd protein
Elongation factor 1-alpha-like protein ) )
1 6.0e-64 Protein metabolism
(EFla)

Signaltransduction;

Calmodulin 2 1.0e-74 .
calcium sensor
o ) Signaltransduction;
Calmodulin-like protein 2 8.0e-41 )
calcium sensor
o ] Glycolysis,
Similar to cytosolic GAPDH 1 4.0e-20
gluconeogenese
o Gklycolysis,
Similar to nuclear GAPDH 1 2.0e-42
gluconeogenese
Glycin cleavage protein, mitochondrial 1 2.0e-37 iAonacid catabolism
HSP70-like protein 1 4.0e-29 Stress-induced protein
nuclear protein with unknown function,
o 1 3.0e-32 -
transcription regulator?
Methionin-aminopeptidase 1 3.0e-44 Protein metaholi
Peptidyl-prolyl cis-trans isomerise ] )
1 1.0e-70 Stress-induced protein
(rotamase)
Similar to phosphoribulokinase 1 1.0e-49 Calvinleyc
] ) ) ] Protein metabolism;
Mitochondrial processing proteaseubunit 1 6.0e-19 ) )
protein catabolism
Ras-like protein 1 2.0e-21 Stress-induced protein
Ras-related protein, GTPase 1 3.0e-21 Stress-idduoein
S-adenosyl-L homocysteine hydrolase-like . . .
) 1 4.0e-51 Amino acid catabolism
protein
weakly conserved protein with ATP binding site, ) )
o ] 1 2.0e-26 Protein metabolism
similar to elongation factor
1 1.0e-47 Streshgesad protein

Stress-activated protein kinase

Ubiquitin 1 2.0e-71 Amino acid catabolism

gDP-N-acetngaIactosamine

1 5.0e-1 _ _
biosynthetic process

UDP-N-acetylglucosamine pyrophosphatase

unknown protein
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Table 4. Identified viral genes after 24 hours infection and their putative

function.
Protein evalue Putative function

Clp protease (Casein lytic protein) 1.0e-12 Degiadadf host proteins

Clp-like protein 4.0e-11 Degradation of host pragei
DNA topoisomerase |l 2.0e-43 Packaging of viral DN4pression of

viral genes
DNA dependent RNA Polymerase | 3.0e-06 Prioritexression of viral genes
DNA dependent RNA Polymerase Il 2.0e-62 Prioriterpression of viral genes
Non histone chromosomal protein 7.0e-09 Packadiniyal DNA
Flap endonuclease 1.0e-48 Degradation of host icusmdtéd
Deoxyuridin 5’-triphosphate 6.4e-42 Nucleic acid metabolism

nucleotidhydrolase

Protein kinase 1.0e-12 Regulation
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Abstract

The cosmopolitan coccolithophoEniliania huxleyi forms frequent massive blooms
and thus is important for the global climate and carbon cycle. kyat infection of
this alga leads to termination of blooms and therefore influetheeglobal climate.
To understand the host-virus interactionEfhuxlieyi, an expressed sequence tag
(EST) approach was used to determine changes in gene expressing viral
infection. Three cDNA libraries generated 6, 12 and 24 h post viedtioh were
compared to a library from an uninfected culture by sequencingtechg and
manual annotation of 1100-1500 ESTs per library. To verify the gene drpress
results of the ESTs we used two-colour oligonucleotide microarfaystal of 4480
ESTs were assembled into 1871 clusters of which 223 clustexs areal origin.
Microarray expression analysis indicated that 231 out of 565 oligoniaideatfE.
huxleyi changed their expression level in at least one time point in respongral
infection. Results suggest that viral infection affects theowWatlg processes:
photosynthesis, transcription and translation, carbohydrate and lipid n&tabol
(particularly glycolysis), metabolism, and signal transductiorsuRe of this study

provide insights into the infection mechanisms of the virus EhV-86 haxleyi.

Key words:Emiliania huxleyi, host-virus interaction, EhV-86, EST, microarray,

photosynthesis
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Introduction

The marine coccolithophoreEmiliania huxleyi is highly abundant and widely
distributed in all marine systems except in polar wateradére, 2001, Marsh,
2003).E. huxleyi is capable of forming immense coastal and open ocean blooms. The
blooms occur from sub-polar to tropical latitudes (Baéthal., 1992, Brown &
Yoder, 1993) and can cover more than 50.000 km? (Batlah, 1991, Holligaret al.,
1993, Sukhanova & Flint, 1998). These blooms can be detected via satelbjerym
due to reflection of its calcium carbonate coccoliths (Holligaal., 1983). Because
of this bloom formation activity and its distribution and high abundancerigelglooms,

E. huxleyi influences global climate by affecting the inorganic carboresy®f seawater
(Buitenhuiset al., 1996, Buitenhuigt al., 2001) and by organic carbon pumping. Due to
the massive calcifying activity. huxleyi is considered to be the world’s major producer
of calcite and one of the largest single carbonate sinks in oceanic cabhaniatg (Eide,
1990, Samtleben & Bickert, 1990, Baumaasial., 2004).It also plays an important role
in the global sulphur cycle (Maliat al., 1994). When subject to grazing or during
viral infection, E. huxleyi produces dimethylsulfoniopropionate (DMSP), the
precursor of the trace gas dimethyl sulphide (DMS), whichised to marine cloud
formation and climate regulation (Lissal., 1997, Stefelst al., 2007).

Viral infection is an important termination factor of the bloomdEohuxleyi
(Bratbak et al., 1993, Jacquest al., 2002). As major bloom terminators double-
stranded DNA-containing, lytic viruses (Schroedeal., 2002) have been isolated
(Castberget al., 2002, Wilsonet al., 2002) and described as Coccolithoviruses
(Wilson et al., 2005). The interaction dE. huxleyi and these viruses specific Eo
huxleyi are one of the best studied eukaryotic phytoplankton host-virusnsysb
date (Bidleet al., 2007). To understand the molecular basis of viral lysis otixleyi
blooms, we need to learn which gene<irhuxleyi are expressed during the host-
virus interaction and how this could be related to the response toianfeatd
possible resistance. Furthermore, we need to know the virus genes avhich
expressed during infection in order to identify genes relatedrtbtence and the
ability to grow and reproduce in the host. Expressed Sequence Tags @& one
way to analyse the genes being expressed under specific condli@ysare cost-
effective and provide a robust sequence resource that can be expdoitgene
discovery, microarray design, genome annotation and comparative ger{Rudch
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2003). ESTs can be successfully combined with information coming frorpletaty
sequenced genomes, in which case it is easy to identify which gemonEST
belongs to. Several studies focussing on fungal- and viral-infecetsplsing ESTs
were reported (Hsiang & Goodwin, 2003, Ventelon-Delabad., 2003, Goodwiret
al., 2004, Jantasuriyarat al., 2005). To our knowledge, this technique has only been
applied to marine alga-virus interaction in our pilot study (Kegel., 2007). With
the draft genome oE. huxleyi CCMP1516 and the complete genomeEailiania
huxleyi virus 86 (EhV-86) available, we took advantage of an EST approach
combined with genome sequence information to gain detailed insigbtthanthost-
virus interaction of this important microalgae.

In this study we investigated EST-libraries frdf huxleyi during virus
infection and compared these to a library from a healthy culfewethermore,
changes in gene expression levels, assessed through two-colour dégtdec

microarrays, were compared with the gene redundancy in the EST libraries.

Material & Methods

Source of host and virus libraries

Four cDNA libraries fromEmiliania huxieyi CCMP1516 constructed by Kegslal.

(2007) were compared: one pooled library (TO) from an uninfected cualiware¢hree
libraries from a culture 6, 12 and 24 hours post infection with EhV486this
publication referred to as T6, T12 and T24). For this study, between 1100 and 1500

clones were randomly selected from each library.

EST sequencing

Plasmid DNA was prepared from recombinant clones using a staalafishe lysis
procedure. Unidirectional sequencing was done using the M13 HEDGE&Ee.,
2000) forward primer (TGA GCG GAT AAC AAT TTC ACA CAG) fothe
uninfected library and the M13 forward primer (TGT AAA ACG GGSCC AGT)
for the infected libraries, providing sequence from the 5’ end of cDNA clones.
Sanger sequencing was performed by Max-Planck-Institute for Molegalaatics of
Berlin, Germany.
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Sequence analysis and functional annotation

All ESTs were compared against the whole genome of EhV-86 (Watsaln 2005)
and the draft genome &. huxleyi (JGI, http://www.jgi.doe.goVy using BLASTnN
(Altschul et al., 1990). The analysis was done using PartiGene (Parkigtsah,
2004). Every EST had more than 86% identity to eitBethuxleyi or EhV-86

genomic sequence.

ESTs were automatically clustered and annotated using the &@tiG
software. Sequences were pre-processed concerning vector caitami low
complexity and repeat regions like the poly(A) tail. Low qualitg aery short ESTs
(< 100 bp) were discarded. Subsequently, ESTs were clustered on theobasi
sequence similarity into groups that putatively derive from thmes gene and
assembled into consensus sequences (Parkiesoal., 2004). Following the
clustering and assembling, these consensus sequences were annotatediSh

searches against the UniProt databage:(/www.uniprot.org, the whole genome of

EhV-86, and the publicly accessible ESTdohuxleyi. Finally, an HTML summary
table of all consensus sequences was produced, providing the numbert afd lis
ESTs for each cluster along with associated BLAST annotationeTdresavailable

at

http://www.nematodes.org/NeglectedGenomes/EMILIANIA/Emiliania |&yixhtml.

For interpretation of the consensus sequences of the virus weheseest hit of the
automated annotation against the whole genome of Eh-V86.

The consensus host sequences were manually analysed with PhyloGena
(Hanekampet al., 2007) using the SwissProt databasép(//www.expasy.org/sprot/

and were compared with Pfam (Batenehral., 2002) and the NCBI non-redundant
protein databaséftp://blast.ncbi.nim.nih.gov/Blast.cgNCBI-nr). As a threshold for

significant similarity we used a@value of 1. Consensus sequences with BLAST
results above that threshold were assigned as hypothetical proB@nsensus
sequences which showed significant similarity only to proteinsnhown function
were annotated as conserved hypothetical proteins. Sequences whichadoce
any significant hit in BLAST searches were classified as no signiflaa

Annotated EST clusters of the host were classified into the @unadti
categories of KEGG using the application tool KAAS (KEGG AwtmAnnotation
Server:http://www.genome.jp/kega/kaa@Voriya et al., 2007) with the SBH (single-
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directional best hit) method, whereas EST clusters without an@GHhit were

manually assigned.

DNA Microarray Design and Validation

Based on the consensus sequence information generated in this prajesdynays
were designed with Agilent’'s eArray online application tool \@®rs5.0. Only EST
clusters ofE. huxleyi containing a significant BLAST hit were used to design the
oligonucleotides for the microarray. The resulting 60-mer oligonudie@robes and
standard controls from Agilent were printed on glass slides biegusing an Ink
Jet-based printing method (Agilent’'s SurePrint technology). Foaysawere printed
on each 1 x 3-inch glass slide.

For the labelling of total RNA an Agilent Low RNA Input Fluorest Linear
Amplification kit (Agilent Technologies) was used according to renufacturer’'s
recommendations. Total RNA (500 ng) from the uninfected culture aeléd by
fluorescent complimentary RNA (cRNA) synthesis with Cy3-CTRe RNA of the
infected culture (500 ng) was labelled with Cy5-CTP. A supetsdhi reverse
transcriptase (0.5 pL, Invitrogen) was added to the labellingio@ato increase the
yield of longer transcripts. Therefore an additional incubatiep $80 min, 50°C)
was inserted prior to heat-inactivation of the enzymes. AredlitRNAs were
purified with RNeasy mini spin columns (Qiagen) and quantified by UV
spectroscopy. Hybridizations were performed with 825 ng of eacHddbeERNA at
65°C for 17 h within a hybridization chamber (Agilent Technologies)terAf
hybridization, the microarrays were washed according to the mmenoér's
instructions (Wash with Stabilization and Drying Solution, Agil&ethnologies).
Microarrays were imaged using an Agilent microarray scaimeXtended Dynamic
Range function mode and a scan resolution of 5 um. Signal intengtiesletected
by Feature Extraction software version 9.5 (Agilent Techna®)gi®ifferential
expression was analysed using the MeV version 4.0.01 software paakag€&l @GR
(Saeedet al., 2003). Significance Analysis of Microarray (SAM) analysiscdégsd
by Tusheret al. (2001) was performed using following parameters: (i) One-Géass$s
(i) 1000 permutations; (iii) Tusher et al. method with calculajedhlues; (iv) K-
nearest neighbor, 10 neighbors. Values were not restricted mgsatly delta value

and the resulting significant regulated genes withvalue < 1% and a fold-change
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of > 2 were analysed. These data were then clustered by a hieshrclustering
algorithm using average linkage for the heuristic criterion andidean distance as
similarity metric (Eiseret al., 1998). Original data filefor all arrays were uploaded
in MIAME format for expressiomrrays at GEOh{tp://www.ncbi.nim.nih.gov/geo/
accession numbers XXXX-XXXX).

Results

| dentification and annotation of the ESTs

A total of 4480 EST sequences (GenBank accession No. XXX-XXX) goibd
quality (phred 20, min. 100 bp length, no ribosomal RNA) and an average length of
644 bp were obtained from the uninfected library (TO) and 6, 12 and 24 hours post
viral infection (in this publication referred to as T6, T12 and T24)stered and
assembled into 1871 different clusters. Of those, 1319 clusters compfigadjue
clones and 552 clusters consisted of up to 135 ESTs. Out of the total a8tts;la
subset of 223 clusters (12 %) were significantly similar toEh¥-86 genome, of
which only 44 clusters (20%) showed similarity to known proteins (Tah. I181)
addition, 569 (35%) of the remaining 1648 host clusters had significaitdrgiynto
known proteins or hypothetical proteins.

The uninfected library (TO) consisted of 1056 ESTs of good quality and could
be divided into 554 different clusters. Less than half of theseedu&57) derived
from 416 ESTs showed significant similarity to known proteins or hypotie
proteins. At T6, only 38 out of 985 ESTs were of viral origin andteted into 26
viral and 435 host clusters. Twelve hours after viral infection, 1378 EfHood
quality grouped into 626 clusters out of those, 19 clusters derived fromT32viESe
of viral origin. At T24, a total of 946 out of 1061 ESTs showed signifisanilarity
to the EhV-86 genome and clustered into 218 different clusters. Only 118 ES
showed significant similarity to the. huxleyi genome and resulted in 84 clusters.

ESTs were grouped into 11 gene functional categories derivedKEGG:

(1) cellular processes; (2) signal transduction; (3) transgdythypothetical; (5)
transcription and translation; (6) carbohydrate and lipid metabo(igmmetabolism;
(8) folding, sorting and degradation; (9) chaperones and folding ststal10)
genetic information processing; and (11) photosynthesis. ESTs whiatotidt in

any of the categories were assigned to an additional category “other”.
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In all libraries, the majority of ESTs (both host and vinalarigin) showed no
significant similarity to sequences in the public databases.

The E. huxleyi transcriptome

The most abundant transcripts prior to infection were related to pimbbesis
(17.2%), metabolism (4.8%) and transcription and translation (3.4%). &fi& and

24 hours the percentage of photosynthesis-related ESTs decreased to abd 3.3,
0.5%, respectively. In contrast, ESTs related to transcription ansldtion increased
to 25.0% and 12.4% at T6 and T12 (Fig.1). In the carbohydrate and lipid metabolis
category, the percentage of genes increased from 2.1% in the tednlécary to
3.4% and 6.4% in the infected libraries at 6 and 12 h after viral tiohec
Furthermore, the percentage of genes related to signal trawmsduatreased from
0.5% in the uninfected library to 4.1% and 5.0% in the infected lilsratié and 12 h
after viral infection, respectively. For example, at T6 and T12ntimaber of ESTs
with similarity to ubiquitin was eight times higher than in thentested library.
Furthermore, the number of ESTs with similarity to calmodukukaryotic
translation and elongation factors increased ten to twenty fold:eatehloroplast
light harvesting proteins and fucoxanthin chlorophyll a/c-binding protesne 16 to

38 times decreased at T6 and T12 compared to TO (Tab. 1). At T24, thérhbst
assemblage transcriptome was dominated by the viral trans@h®). Hence it

was not possible to detect any obvious changes in the host transcripts.

The EhV-86 transcriptome

During viral infection 38 different viral genes were identified deg from 44
clusters containing 164 ESTs with putative functions (Tab. 2). At Tecbopees of a
transcript for a DNA-dependent RNA polymerase Il largest sul{iiivv064), and

one for a sialidase (EHV455) and a protease (EHV349) were found. frootiee at

T12 a single transcript for a fatty acid desaturase (EHVO6HINK endonuclease
family protein (EHV093), and a proliferating cell nuclear antiggéHV440) were
detected. At T24 37 of the identified transcripts were for geneadimg ehv455,
ehv349, ehv061, ehv093 and ehv440. The most frequent transcripts (19 ESTs) were
for an ATP-dependent protease proteolytic subunit (EHV133), a fattydasaturase

(15 ESTs, EHV415), and a deoxyuridine 5’-triphosphate nucleotidhydrolase (12
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ESTs, EHV397). In addition, we could identify transcripts for threeeifit DNA-
directed RNA polymerase subunits (EHV108, EHV434 and EHV399), two
endonucleases (EHV041 and EHV018), and two protein kinases (EHV451 and
EHV402).

| dentification of changes in gene expression using microarrays

A 60-mer oligonucleotide microarray based on the consensus sequerscased to
investigate gene expression pattern&.diiuxieyi during viral infection. To study the
expression profile at each time point, technical triplicates (cagelifor 24 h) were
performed comparing the RNA after 6, 12, and 24 hours with the gtexdfeulture
as reference. Only features with absolute differential exjes 2-fold were used
for trending. The ESTs dE. huxleyi from the four libraries were assigned to 569
clusters showing significant similarity to UniProt. The appilaattool eArray
designed 565 oligonucleotides out of the 569 clusters. Due to techmisahseit was
not possible to design oligonucleotides for the four remaining clusters.

A total of 231 (41%) out of the 565 gene transcripts were diffeignti
expressed at least once for the tested time points. To chemadteir expression
levels, the 231 genes were clustered according to their exprgsaiterns by the
hierarchical clustering method using the correlation coefficiemtvefage linkage of
the log ratio (Fig. 2). We could identify 204 differently expressed geaestripts at
T6, 139 at T12, and 27 at T24. T6 and T12 had 112 transcripts in common including
all 27 transcripts of T24 and three oppositional expressed transatrip&and T12.
The biggest change in transcript expression was found for a hypathgtatein
(EVCO00294) with a fold-change of 242.18, which was highly expressed unralll
stages. At T6 109 (53%) genes were up-regulated, whereas 95 (4T7éocpaven-
regulated. The number of up-regulated genes at T12 decreased to 7%(dL %o
number of down-regulated genes to 60 (29%). All of the 27 expressedripds at
T24 were up-regulated (Tab. S3).

The category of metabolism showed similar up- and down-regulatitermpa
at T6 and T12 (Fig. 3A). Most genes involved in carbohydrate and lipidbwiesm
were up-regulated at T6 (25) and T12 (14). However, only four genbis aftegory
were down-regulated at T6 and six at T12 (Fig. 3B). On the dthrd, genes

involved in photosynthesis were more down-regulated at T6 (21) than af4Y12



PUBLICATION 2 46

whereas the numbers of up-regulated genes were nearly equiél (@ and T12 (8)
(Fig. 3C). Genes involved in transcription and translation showed 15gufated
compared to two down-regulated genes at T6, and two up-regulat@admahio five
down-regulated at T12 (Tab. S2).

Among the hypothetical proteins, five genes were consistently upatedul
after 6, 12 and 24 hours of viral infection. In the category carbabsygind lipid
metabolism, we identified an up-regulation of enolase, glyceraléeByzhosphate
dehydrogenase and N-acetylneuraminic acid phosphate synthadletlatee time
points of viral infection. Moreover, among the genes involved in photosiaflualy
ferredoxin | was consistently up-regulated during viral infectiathh a fold-change
between 10 and 12 (Tab. S3). Most of the consistently up-regulatedajer@&sT12
and T24 belong to the category metabolism and show similarity tylteaesferase,
beta-ketoacyl synthase, methyltransferase, farnesyl pyrophespiathetase, and
NAD (P) H quinone oxidoreductase (Fig. 3A, Tab. S3).

Comparison of ESTs and Microarrays
Clusters ofE. huxleyi with a total abundance of 15 ESTs or more were compared to
the changes in gene expression identified with the microarrays4(f- A total of 25
clusters were used for trending. It was not possible to detgctlaanges at T24
because only 10% of the mRNA was of host origin. Therefore, only BET8, T6
and T12 were compared to the microarray analysis. At T6 and T12n2k geere
found (present) and 4 were not (absent). At TO only 7 genes weratpaesel8 were
absent. Microarray results displayed no differential expressioonrferof the absent
genes at T6 and for four of the absent genes at T12. Moreover, 1lfrgeneése T6
library and 9 genes from the T12 library were differentially expressed.

At T6, four genes which were present in the library showed conflictewgtse
Three gene transcripts encoding for calmodulin were up-regulateddagrdo the
EST analysis. They were found 18 (EVC00667), 11 (EVC0450), and 3 (EVC00375)
times in the library and were absent in the library generated fine healthy culture
(Tab. 1). However, microarray results indicated that they weren-degulated at T6
with a fold-change of 3.56, 2.93 and 3.56, which means that calmodulin was more
expressed in the healthy culture than at T6. The fourth gene tparesocoded for
ubiquitin (EVCO00050) and showed at both T6 and T12 contradictory results. The EST
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analysis indicated an up-regulation of the gene, whereas the magraanalysis
indicated a down-regulation. In the libraries it was found 5 tim@$6and 11 times

at T12, but not in the healthy culture. Results of the microarray revealed that nbiquiti
was down-regulated at both time points with a fold change of 4.9afib62.6 (T12).

In three cases where the gene was absent in the libraéy aticroarray results could

show that chloroplast light harvesting protein (EVC01904), fucoxanthin chidtophy
a/c-binding protein (EVC01939) and calmodulin (EVC00069) were down-regulated
with a fold-change of 3.29, 2.11 and 2.96. These ESTs were found 38, 37 and 2 times
in the healthy culture (Tab. 1 and S1).

Discussion
This study aimed at the identification of genes involved in the hos$-imteraction
of E. huxleyi and EhV-86 by taking advantage of EST libraries and DNA
microarrays. Both methods contributed to the identification of manggevolved
in the host’s response to viral infection. We have demonstrated the pdwST
libraries and DNA microarrays to obtain data on gene expressidnregulation
during viral infection. The differential expression of certain gedering viral
infection suggests their involvement in the interaction between thehdghe virus.
This makes them suitable targets for further investigation. SE®ith a total
abundance of 15 and above were selected for the comparison between EST
redundancy and microarray analysis.

Since the genome sequences of both the virus and the host were aviilable
was possible to determine the precise number of ESTs from boifouralibraries.
Consequently we are able to speculate on both, the host and virus meshiaism

occur in the host cell during viral infection.

The host transcriptome
The most prominent effect of the viral infection on the host trgpteme is the
change in the expression of genes involved in photosynthesis, transcaption
translation, glycolysis, fatty acid metabolism, and protein degradation.

The break-down of photosynthesis is of particular importance to
photosynthetic organisms. During viral infectionEfhuxleyi, EST and microarray

results revealed significant reduction of genes involved in photosysithesr
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findings are in accordance with previous studies that observed thetisadot
photosynthesis in aquatic communities following viral enrichment €Saitél., 1990,
Suttle, 1992, Hewson & Fuhrman, 2006). Similar results were alsaveldsén
Chlorella NC64A (Seatoret al., 1995),E. huxleyi (Evanset al., 2006, Llewellynet
al., 2007),Micromonas pusilla (Waters & Chan, 1982), andeterosigma akashiwo
(Junearet al., 2003).

For viral replication the biosynthetic machinery of the host oalist be
modified for the benefit of viral proteins. Hence, the up-reguliatif genes related to
protein and ATP synthesis in the mitochondria, genes involved in glysawysli fatty
acid synthesis, and genes involved in RNA-synthesis and translationraigheould
be an indication for a boost in the expression of viral proteinshmgquire large
amounts of energy. Another indication for enhanced viral protein expresstbr
down-regulation of host genes involved in photosynthesis, protein degradation,
signalling, pigment synthesis, RNA processing, the citric agicle, and protein
import to the mitochondria (Tab.S2). In general, both organelles (chdstophd
mitochondria) ofE. huxleyi seem to be down- regulated for the benefit of an
increased transcription and translation used for viral replicatiseems that just a
few viral proteins are required to alter the biosynthetic machioiethe host, as after
6 hours of viral infection only 38 (3.9%) ESTs were of viral origin.

A previous study has shown that host cells release virus parbeleveen 4
and 48 h after infection while remaining intact (Allen & Wilson, 20@&irthermore,
it has been demonstrated that coexistence of host and virus is passilileat both
can replicate during infection (Thyrhaw al., 2003). Supporting these findings,
microarray results showed an up-regulation of several genes involved i
photosynthesis during viral infection, which indicates, that at @ste cells were
intact and perform photosynthesis. In addition, the low abundance ofE8Ed at
T12 (2.3%) indicates that perhaps many host cells remained iméardy a few
infections took place. However, the change to 89.2% viral ESTs atub@#sts that
between 12 and 24 hours post infection the virus took over the biosynthetic

machinery of the entirE. huxleyi population.
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The virus transcriptome and putative infection mechanism

The virus drastically changes host transcription already @ftesurs, when only 38
(3.9%) viral ESTs are present. A good candidate gene to causdfduisis ehv064,
encoding a putative DNA-dependent RNA polymerase Il subunit which could be used
for transcription of viral genes. Two ESTs for this gene veerlg found at T6 and

not in any other library. The up-regulation of host genes involved in tbteipr
synthesis at T6 and T12 suggest a favoured synthesis of viral préteadklition, at

T6 a putative protease (EHV349) was identified which might bgoresble for the
degradation of host proteins. The down-regulation of host genes involved im prote
degradation at T6 and T12 such as ubiquitin indicate the takeover of the hos
machinery. A HNH endonuclease family protein (EHV093) was foundLatwhich

could lead to the degradation of host DNA. Furthermore, a putativéepatiing cell
nuclear antigen (EHV440) was identified and which could help in DNA binding
during transcription of viral genes. The occurrence of a putatityedaid desaturase
(EHVO061) could be involved in membrane lysis, i.e. the lysis of host cells.

At 24 hours post infection 89.2% of mRNA is of viral origin. A putative major
capsid protein (EHV085) whose function is well known and defined in vistés)s
(Allen et al., 2008), and a putative DNA ligase (EHV158) which could be used for
DNA replication were identified. These two genes could be involveukipackaging
and the following release of new viruses. One copy of a Longasgyrance (LAG1)
family protein (EHV014) was identified which is involved in theageide synthesis.
Ceramide can act in regulating apoptosis suggesting that LAGd beuhvolved in
the lysis of host cells. Another indication for the releasing of vieuses could be the
up-regulation of host genes involved in the exchange with vacuoles shfet@asar
ATP synthase catalytic subunit A and V-ATPase subunit d at T6 ARadTab. S2).
These suggestions are in accordance with previous studies (\&igon2005, Allen
et al., 2006, Allen & Wilson, 2006). It was shown that at 4 h post infection viruses
just started being released. However, at 33 h post infection thedilost still in a
steady stage of virus releasing and re-infection until the madlyflyses after around
48 h.
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Gene expression - one goal two approaches

Combining and comparing ESTs and microarray analysis revealdd thiea
combination of both methods is advantageous in estimating the expressbofle
gene transcripts (Muno& al., 2004). It has been shown that important functions in
an organism are indicated by highly expressed genes (Dugioat., 2007).
Transcripts of low abundance may not occur at all in an ESTryilmat the absence
is not necessarily evidence for not being expressed under a differentao@duck
& Vision, 2007). In most of these cases, our microarray analysis preaptll by
revealing the presence of these genes. Several genespogsented within a library
and not present at TO, showed a down-regulation in the microarrasgiaretl T6 and
T12. This could be due to the fact that at TO these genes were pneserded in the
EST library because of the high abundance of e.g. photosynthesis Teisesould

be overcome by sequencing more clones to obtain weakly expressed genes.

In summary, we have demonstrated the advantages of an ES3®acip for
simultaneous discovery and identification of host and viral genes involveuain
infection. We have also shown that complementing this approach wattoarmay
analysis enables the detection of even more subtle changeseregeression. The
expression oE. huxleyi and EhV-86 genes changed significantly between 12 and 24
hours after infection. Further functional investigations of this irdacperiod are

required.
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Figure legends

Figure 1.

Figure 2.

Distribution of functional categories derived from KEGG and peaggnof
E. huxleyi ESTs: A) healthy culture;B) 6 hours, C) 12 hours andl¥) 24

hours post infection.

General overview on the differentiell expression of geneR. ihuxieyi
during viral infection with a fold change 2 in at least one timepointAY

Heat map generated by hierarchical clustering identifies dvera
regulated (red) and down-regulated (green) patterns of geneseiqr.

The graphs irB andD show the number of the genes uB} &nd down-
regulated D) responding to viral infection after 6 (T1) and 12 h (T2) or
both. € andE) Distribution of up- C) and down-regulated] genes at T1
(black bars), T2 (grey bars) and T3 (white bars) based on their fold change.

Figure 3. Differential expression of genes involved ii\) (metabolism, B)

Figure 4.

carbohydrate and lipid metabolism, ar@) (photosynthesis during viral
infection. () Heat maps generated by hierarchical clustering idestif
overall up-regulated (red) and down-regulated (green) patterns ef gen
expression. I{) Positive values of barplots indicates the number of
significantly up-regulated genes, whereas negative values shewi®wn-
regulated genes at 6 (black bars), 12 (grey bars) and 24 hours (arsite b
post infection. I{1) Examples for up-1) and down-regulated|) gene

transcripts during viral infection.

Individual ESTs (black bars) compared to microarray resulty @aes) of

E. huxleyi after 6 h T1) and 12 h T2) viral infection. ESTs showing
significant similarity to UniProt with a total abundance of 15 abdve
were selected for the comparison between EST abundance and raicroar
analysis. For the ESTs, a 1 indicates that at least onasg8&sent in the
library and a O indicates absence from the library. For tloeoaniray, a 1
indicates up-regulation of the gene; a -1 indicates down-regulatioa @nd

indicates no differential expression.
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Tables

Table 1. The 20 most abundant ESTs in tBehuxleyi EST collection deduced

from manual annotation.

Cluster Abundance .
D Description Process e-value
Total 0O 6 12 24
EVC00004 47 0 2 a4 1 N-acetylneuraminic acid Carbohydrate 14e-71
phosphate synthase metabolism
EVCO1904 38 38 0 0 O g:(‘)'t‘gi‘r’]p'ag light harvesting 1 osvnthesis  4.5e-21
Fucoxanthin chlorophyll a/c-
EVC01939 37 37 0 0 O binding protein, chloroplast Photosynthesis 1.2e-23
precursor
EVC00115 44 1 26 15 2 60Sribosomal protein L7a n3lagion 4.8e-76
. Signal
EVC00069 25 0 0 25 0 Calmodulin(CaM) . 3.1e-75
transduction
EVCO00071 36 0 24 10 2 40Sribosomal protein S11 ngledion 9.9e-45
alpha-1,4-N- E)Big/s?arghesis
EVCO00067 25 0 4 21 0 acetylglucosaminyltransferase y 2.7e-18
and
EXTL3 .
metabolism
EVC00210 38 0 19 19 o clongationfactorl-alpha g qaiion 0.0
(EF-1-alpha)
EVC00024 23 0 3 19 1 60Sribosomal proteinL3 Thegtitsn 6.9e-99
. Signal
EVC00667 23 0 18 1 4 Calmodulin (CaM) . 1.2e-74
transduction
Folding,
EVC00014 38 2 17 15 4 Ubiquitin sorting and 3.2e-35
degradation
EVCO1892 16 16 0 0 O g:(‘)'t‘gi‘r’]p'ag light harvesting 1 osvnthesis  1.5e-21
EVC00025 24 1 15 8 0 40Sribosomal protein S13 Sledion 4.6e-58
. Signal
EVC00375 19 0 3 15 1 Calmodulin (CaM) : 1.2e-74
transduction
EVC00045 22 2 14 6 0 Adenosylhomocysteinase ~Minoacid 0.0
metabolism
EVC01249 15 0 14 0 1 60Sribosomal protein L27 Shation 9.2e-42
Eukaryotic translation .
EVCO00200 19 0 13 5 initiation factor 1A (EIF-1A) Translation 6.2e-39
EVCO00172 21 0 7 13 1 Hypothetical protein Hypottesti
EVCO00457 19 0 12 5 2 Acetyltransferase-like Metadvol 2.5e-11
EVCO00054 17 0 4 12 1 NmrA family protein Other N3]

0 = uninfected library; 6, 12 and 24 = hours afteal infection.
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Table 2. EhV-86 genes in the virus infected EST libraries with known foncti
and their putative process in viral infection.

C|lIJ[S)teI’ Abundance Description Putative
6 12 24 process
EVC00969 0 0 19 ehv133 putative ATP-dependent protease protedaiytitinit A
EVC01295 0 0 1 ehv361 putative serine protease A
EVC00898 1 0 3 ehv349 putative protease A
EVC00833 0 0 15 ehvl5 putative fatty acid desaturase B
EVC00358 0 1 5 ehv061 putative fatty acid desaturase B
EVC01280 0 0 1 ehv028 putative lipase B
EVC00896 0 0 7 ehv108 putative DNA-directed RNA polymeragbusit C
EVC00899 0 0 6 ehv434 putative DNA-directed RNA polymerase |l snibu C
EVC01004 0 0 1
EVC01069 0 0 2 ehv399 putative DNA-directed RNA polymeragbusit C
EVCO01347 2 0 0 ehv06_4 putative DNA-dependent RNA polymerase kst C
subunit

EVC01224 0 0 1 ehv105 transcription factor S-1l (TFIIS) fadyrnprotein C
EVC01054 0 0 2 ehv041 putative endonuclease D
EvVC01011 0 0 1
EVC00938 0 0 5 ehv018 putative endonuclease D
EVC00177 0 1 8 ehv093 HNH endonuclease family protein D
EVC00936 0 0 4 ehv430 putative helicase D
EVC00835 0 0 12 ehv397 putative deoxyuridine 5'-triphosphate E
EVCO01104 0 0 2 nucleotidhydrolase
EVC00838 0 0 7 ?r?‘;/ﬁfspﬁggtsi\ée nucleic acid independent nucleoside E
EVC00818 0 0 4 ehv026 ribonucleoside-diphosphate reductasdl shain E
EVC01059 0 0 2 ehv030 putative DNA polymerase delta catalytic suibu E
EVC00999 0 0 1
EVC00830 0 0 2 ehv428 putative ribonucleoside-diphosphalectse protein E
EVC00871 0 0 2 ehv136 putative nucleic acid-binding protein F
EVC00891 0 0 2 ehv020 putative proliferating cell nuclear antigen F
EVC01089 0 0 1
EVC00506 0 1 4 ehv440 putative proliferating cell nucleatigen F
EVC00911 0 O 5 ehvl52 putative DNA-binding protein G
EVC00926 0 0 1 ehv184 putative DNA-binding protein G
EVC01199 0 0 1 ehv431 putative thymidylate kinase G
EVC00963 0 0 1 ehv451 putative protein kinase H
EVC01201 0 0 1 ehv402 putative protein kinase H
EVC00852 0 0 3 ehvl79 Major Facilitator Superfamily protein I
EVC00812 0 0 4 ehv444 putative DNA topoisomerase J
EVC01114 0 0 2 ehv085 mcp putative major capsid protein K
EVC00836 0 0 4 ehvl58 putative DNA ligase L
EVC00977 0 0 2 ehv014 Longevity-assurance (LAG1) family piot M
EVC01106 0 0 2 ehv166 putative RING finger protein
EVC01230 0 0 1 ehv110 putative RING fnger protein
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EVC00829 0 0 1 ehv023 putative deoxycytidylate deaminase @)
EVC00831 0 0 4 ehv103 putative vesicle-associated membresteip P
EVC00907 0 0 5

ehv455 putative sialidase -
EVC01694 1 O

A: degradation of host proteins; B: membrane lySisyirus gene transcription; D: degradation ofthos
DNA; E: DNA replication; F: DNA binding; DNA polynrase processivity factor activity; G: viral

DNA replication; H: signal transduction; I: membeatransport; J: insertion of viral DNA; K: capsid
synthesis; L: DNA replication and host lysis; Mildgsis; N: mediating protein-protein interactigns

O: hydrolase activity, zinc ion binding; P: viridease, transport of capsid proteins.

Supplemental

Table S1.Excel-file of all ESTs used in this study separated into three different
sheets. The first sheet contains all EST&ohuxleyi with a BLAST hit
and its description and involved process, including their array anerclust
ID, their oligo sequence for the microarrays, their abundance,ehailue
and length, KEGG and EC numbers, and the species of their closest
BLAST hit and its swissprot ID. The second sheet contains allE®$s
with no significant hit in BLAST searches. The third sheet costaill
ESTs of EhV86 identified in this study, including their cluster IDakie,

length, and description.

Table S2.Excel-file of all host gene transcripts which were differentially esged
after 6 or 12 hours viral infection. The array and cluster ID, the redundancy
of the ESTs for each library, the description of the gene resulting from the
EST analysis and its involvement in a process, and the fold-change at T6

and T12 are included.

Table S3. Excel-file of all consistently up-regulated genes at T6, T12 and T24
including their array and cluster ID, gene description and pracesiyed,

and their fold-change.
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Figure 2
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Figure 3
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Figure 4
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Abstract

Background

Emiliania huxleyi is the most studied coccolithophore with respect to biogeochemical
cycles, climatology, and host-virus interactions. Our aim wasuestigate genomic
diversity and plasticity of 1€. huxleyi strains of different geographic origin and
furthermore we emphasized to identify genes related to virus @ik and
morphology, such as coccolith production and coverage. A microarray-based
comparative genomic hybridization (CGH) was set up using 565 genesdl from

an EST study oE. huxleyi strain CCMP1516 and 37880 genes from the ongoing
genome project of the same straBephyrocapsa oceanica and Isochrysis galbana
were taken as out-groups.

Results

After normalisation and ANOVA test a total of 32395 genes haadifsignt
hybridization patterns. Comparisons with the sequeicédxleyi strain CCMP1516
revealed that 27% (8740 genes) to 57% (18581 genes) of the genes sipattedha

of hybridization concordant with deletion, nucleotide divergence or genecatiqth
within the species and up to 83% (26881 genes) between the generargdst
variation was observed among the speciesHohuxleyi strain 92F. Regarding
variation with respect to virus susceptibility and morphology the most abundant genes
with known function were associated with metabolism, transport, ancctigtien

and translation. In addition, we identified two membrane receptors angrtMeins
related to ubiquitin which show significant differences between @unsseptible and
resistant strains.

Conclusions

The results we have obtained by using CGH demonstrate thaimttisod is
appropriate to compare genome plasticity and the gene contenteséni. huxleyi
strains. We have successfully applied this method to identify geteted to virus
susceptibility and morphology. Among others, the membrane receptdrshe
ubiquitin-related proteins that possibly play a role in virus imdectleserve further

attention.
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Background
The prolific coccolithophor&miliania huxleyi is distributed worldwide and has the
ability to form immense coastal and open ocean blooms rariging sub-polar to
tropical latitudes [1,2] that can cover more than 50.000 km? [3-5]. Tlesens can
be detected via satellite imagery due to the reflection ofctiveoliths [6,7]. This
makesE. huxleyi an important factor influencing the global biogeochemicalesyof
carbon and sulphur and one of the most important species on earth wiitt tespe
sediment formation and ocean climate [8,9]. Therefore, it is apegies for current
studies on global biogeochemical cycles [10]. It is also of irntéoescientists from
fields as diverse as geology, biogeography, paleoclimatologgphgsiology,
material science, and medicine [11]. Whereas the bloom formatstimislated from
abiotic environmental factors, the bloom control and termination is higfilyence
by viral infection [12,13]. Consequential, a range of viruses spedflE. huxleyi
(EhVs) have been isolated [14,15] and were further analyzed for thdmgphy
[16,17], ecological succession in mesocosm experiment [18,19], and genome
structure ofEmiliania huxleyi virus 86 (EhV-86) [20-22]. Hence, it is one of the most
studied eukaryotic phytoplankton host-virus systems to date [23].
Microarray-based comparative genomic hybridization (CGH) is| wel
established in microbial and human (cancer) research, to deteidhNAe copy
number variants in healthy subjects [24,25], genomic aberrations a@sdowidh
various diseases and syndromes [26], and between the genomes lokelg.related
taxa, such as species and strains [27-29]. CGH is used to coimpayenes present,
absent or divergent in the genomes of interest. Polymorphisms antibmsean be
detected as a reduction or elevation of a hybridization signal Y8@ple genome
comparisons of different strains of various microbes indicateptbigtnorphism for
gene content is not uncommon [27,31,32], suggesting genetic adaptatiorieremdif
ecological niches. Previous studies have reported different geniae® among
different morphotypes oE. huxleyi from different geographical regions via DNA
microsatellites and restriction fragment length polymorphisnfFrLER analysis
[33,34]. Results indicate the presence of different ecotypé&s ladixieyi potentially
with differences in genome organization in response to environnmendltions or
to potential threats, such as viral infections. Furthermore, an exampledonection

between genetic variation and virus susceptibility has been dentedditg]. It was
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found that virus resistant strains ofE. huxleyi display a higher
dimethylsulfoniopropionate lyase (DMSP-lyase) activity than irsdrathat are
susceptible to virus infection. One reason for the different enagtivdties could be
variations in the expression of the gene coding for the enzyme cailaér a change

in transcriptional regulation or a change of the copy number in the genomes.

In this study, we constructed and used a whole genome microarrayisiogn unique
probes for each gene of the sequenced didmixieyi CCMP1516 (reference strain)
to examine the genetic diversity among 16 different straifs bbixleyi of different
geographic origin. We aimed not only at assessing the gehetisity of E. huxleyi
but also at the elucidation of genes responsible for the diffakremus susceptibility

and morphology of the differei huxleyi strains.

Results

In order to generate a comprehensive DNA-microarra.diuxleyi, we designed
37880 oligonucleotides by using the application tool eArray (Agilectiriologies).
The design was based on 39125 gene transcripts, mostly based oratedtom
predicted gene models, of the whole genomE. dfuxleyi strain CCMP1516. Due to
technical reasons it was not possible to design oligonucleotidesllfogene
transcripts of the whole genome. In addition to the newly designed priblees,
microarray contained 565 oligonucleotides based on sequence informatiarughevi
generated in an expressed sequence tag (EST) study (Kegkél manuscript
submitted). To investigate genetic diversity Bf huxleyi, genomic DNA from 15
different strains were compared with genomic DNA of the sequeBcduxieyi
strain CCMP1516 by co-hybridization to the microar@gphyrocapsa oceanica and
Isochrysis galbana as phylogenetic closely related taxa were used as out-gyps
comparing the log2-ratios (LR) of the hybridization signatenfithe different strains,
it can be deduced whether a gene is present or absent in the genampesed to the
reference strain due to the variation in copy numbers of the genes.

As a first step an ANOVA test was performed (see methadsssure the
quality of our analysis. It resulted in a total of 32395 significaean signals with p-
values < 0.01. A threshold of the log2-ratio (LR = sample/referefme)no
significant difference between sample and refereficehixieyi CCMP1516) was
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determined by a self-versus-self hybridization of the referefbe density of the
reference LR showed an approximate normal distribution (data not shaosuryd O.

The boundaries for the threshold for the identification of genetic dimersywere
taken by computing a 99% interval of the reference LR, resutiagpositive cut-off

of 0.48696 and a negative cut-off of -0.8270 for the LR. The number of genes
possessing a LR ranging from -0.8270 to 0.48696 in &athuxleyi strain showed
between 42.6% and 70.7% homology to the reference strain (Fig. 1). djbetynof
differences in genome structure (19.6-36.9%) among these strai@snwbe LR>
0.48696 category, indicating increased copy number. The LR8270 indicating
reduced copy numbers, deletion, or mismatches between probe and gemeeseque
were in a range between 10.3% and 20.B%wuxleyi strain 92F showed the highest
degree of variability to the reference (57.4%), wherfgabuxleyi strain 12-1 and
strain EH2 had the highest similarity to the referencarsi(73.2% and 70.5%.

oceanica showed 31.5% anid galbana only 17.0% homology to the reference.

A neighbor-joining consensus dendogram of the sixkedwnixleyi strains and the two
out-groupsG. oceanica andl. galbana based on the CGH data is depicted in the
dendogram with bootstrap values in Figure 2. As expected, the two cnygsgr
clustered perfectly outside of &l huxleyi strains with 100% bootstrap support. The
E. huxleyi strains grouped into two main clusters. The strains Van556, 92Dar8PF
373 showed the highest degree of divergence to all &héwuxleyi strains and
clustered into one of the main groups. The second main cluster can bedadbiutito
two sub-groups. The strains EH2 and 12-1 were most similar to threnedestrain
and clustered into one of the two sub-groups. It is interesting to thateEH2
clustered directly with the reference whereas 12-1, which shovaéaghar similarity

to the reference, clustered with the group of EH2 and the reteréhe second sub-
group consists of two well supported sub-clusters. The bootstrap valines thie
main clusters of the 1B. huxleyi strains were higher (92-100%) than the support for

the clustering into the two main clusters (49%).

To identify genes involved in virus susceptibility and morphology a non-p&iame
Wilcoxon exact rank-sum test was applied. Prior to analyBisnean signals that

failed to produce a positive result above the threshold of the reference (LR > 0.48696)
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in at least one of the 16 differekt huxleyi strains (excludindgs. oceanica andl.
galbana) were removed from the data set. This resulted in 21371 signal
combinations. Significance was defined as p-value < 0.01. The ngsgknes were
manually analysed by BLAST searches against the NCBI non-radunmotein
database http://blast.ncbi.nIlm.nih.gov/Blast.cgi NCBI-nr) and the SwissProt

databasenhtp://www.expasy.org/sprgtand were compared with Pfam [35].

The analysis of the genes concerning virus susceptibility mtaese yielded in 141
candidate gene transcripts (Fig. 3). Almost half of these ganscripts (69) showed
no significant similarity to any sequences in the public datatwagere of unknown
function (Tab. S1). We found proteins involved in metabolism (25), tran&@xt
carbohydrate and lipid metabolism (6) (especially glycolysis, Bahscription and
translation (11), protein interaction (2), cellular processes/cytskeproteins (3),
replication and repair (3), signal transduction (4), and chaperone anwjfoktalysts
(1). Furthermore, we identified two ubiquitin-related proteins involvedoldirg,
sorting and degradation and two membrane receptor proteins; one scaeesg&r

protein and one receptor L domain-containing protein.

The identification of genes responsible for morphology resulted in 128idzde
gene transcripts (Fig. 4). A total of 72 out of the 125 gene tiats@howed no
significant similarity to any sequences in the public datalbassere of unknown
function. We could identify genes involved in metabolism (15), transcriptnch a
translation (7), transport (6), carbohydrate and lipid metabolismaf®)no acid
metabolism (4), signal transduction (4), photosynthesis (3), proteok®),
replication and repair (2), cellular processes (1), folding, soatmdegradation (1),
protein interaction (1), and RNA processing and modification (1). A
glycosyltransferase could be identified within the group of meisbolin addition,

an elongation of very long chain fatty acids like-protein was ifieditwithin the

group of lipid metabolism and a CASP-like protein involved in transport.
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Discussion

The transcriptome of 1€. huxleyi strains of different geographic origin were
compared in order to identify genomic differences in terms of pigstind possible
relation to virus-susceptibility and morphology. Comparative genonbeidigation
was used to characterize the 15 strains with respect tocgetent similarities with
the sequenced reference striirhuxieyi CCMP1516. Hybridization intensities were

compared to determine the relative copy number of each gene transcript.

The results of the DNA microarray-based CGH method revealedbgenetic
relationships betweeBk. huxleyi strains and the two out-groug oceanica andl.
galbana based on cluster analysis of the log2-ratios. The analysis bi/bn&lization
patterns showed the genetic distance between strains and famge@7% (8740
genes) to 57% (18581 genes). These genes were concordant witindalgcleotide
divergence or gene duplication. When comparisons were made with tlencefand
the two out-groups, the genetic distance increased up to 83% (26881 genes).

The genetic distances between strain€ohuxleyi are in accordance with
previous reports that demonstrated different genome sizes amorgyermtiff
morphotypes ofE. huxleyi from different geographical regions based on DNA
microsatellites and restriction fragment length polymorphisnFLE§ analysis
[33,34].

CGH has been extensively utilized to elucidate genetic divemsaiynly in
bacterial systems likeHelicobacter pylori, Campylobacter jejuni, Entamoeba
histolytica, Francisella tularensis, Mycobacterium tuberculosis, [32,36-39] but also
in the eukaryotic systems of yeast [27]. Microarray analysisit@dicated a limited
genetic variation within the species and strains. Strain coroparishowed
differential hybridization between 0.17 and 16.7% of the gene transdrifggenetic
diversity increased at most up to 90% within the subspecies. In domwasesults
revealed between 27% and 57% genetic variation within the speciep &am@&2P%6 to
the older genu<s. oceanica. As E. huxleyi has evolved fromG. oceanica only
268.000 years ago [40] and became dominant around 70.000 years ago, this high
genetic diversity could indicate thiat huxleyi is still in its evolutionary radiation.

The highest variability amongst the strains was observed icase of strain

92F (57.4%). This strain is virus susceptible and possesses the &biptpduce
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coccoliths, both suggesting a higher similarity to the referstreen (CCMP1516).
An explanation for the high genomic deviation from the referencedcoeltheir
geographic origin. The reference strain was isolated near dast of Ecuador
whereas 92F was obtained from the English Channel (Tab. 2). Andtiagr s
collected in the English Channel, 92E, showed 70.3% similarity tadfezence
strain. Both English Channel strains possess coccoliths but showewliff@rus
susceptibility. Our genomic comparisons support earlier findings aminid being
dominated by a succession of different populations [41]. During a bloom the
community composition dt. huxleyi is affected by viruses in the role of a population
controlling factor. One specific population is decimated by virosasng blooms of
succeeding populations possible [41]. Affected populations induce a like-cyc
transition to a haploid (1n) stage to escape viral infection as fhleithgphase has
been demonstrated to be resistant to viral infeqd@h At the time of isolation in
1992 during a bloom in the English Channel, the strain 92F was in a hajalgel s
while strain 92E was in a diploid (2n) stage. This suggests thaiv@2Fescaping
viral infection, as it was shown that virus attack could be one redasioduce life-
cycle changes from 2n to 1n [42]. Consequently in this scenario 2REwas
blooming due to resistance to specific viruses. One reason of tle#icgdistance
between these two strains could be still differences in the moyE®and genome
size.

Differences in the ecological strategies Bf huxleyi strains (e.g. bloom
dynamics) could also cause these genetic differences [43]. Gesipendifferences
can have different reasons and hence several hypothesis havefobaetated
[44,45]. Species with smaller genomes are streamlined to survivetainle
environments. On the other hand, larger genomes provide organisms witldarbroa
range of metabolic capabilities allowing them to take advardbgeore complex and
variable environments. However, more strains/ecotypes of this natheyg species
[46] should be analyzed before drawing definite conclusions on theietige

variation.

The Wilcoxon rank-sum test was used to elucidate whether a laokrtain genes,
copy number changes or sequence divergence between reference and testeaystra

explain the different biological properties of virus susceptibility or morplyolog
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We identified two receptor proteins; one scavenger receptor proigiore receptor
L domain-containing protein which showed a decreased log2-ratio in the vi
susceptible group than in the resistant group. The first stepusf mifection involves
attachment of virus particles to host-specific cell surfacept®rs [47,48]. This
prepares the way for the viruses to enter the host cell. Onicke itiee host cell,
viruses utilize the host machinery in order to enhance the efficiehits replication
process. Consequently, the expression of the receptor on the outer etitfez@ost
is a major determinant of the route of entfythe virus into the host and of the
patterns of virus spread apdthogenesis in the host [47]. Viruses have evolved to
exploit these receptors to gain entry into cells. As each \srimoking for a specific
receptor that fits its attachment protein, the host receptgrimipart, determine the
susceptibility of different hosts to the same virus. Previous stindiee demonstrated
that the lack of receptor expression restrict virus entry [49-5hg iOentified
scavenger receptor is a transmembrane glycoprotein and seemtiof members of
the immunoglobulin (Ig) superfamily [52]. Members of this family enewn to be
involved in entry of more than one virus into cells ([48] and referemeesn). The L
domain of the second identified membrane receptor is also found iminscéptor
(IR) which is closely related to members of the tyrosine-kimaseptor superfamily.
Members of this family play a role in different cellular preses, including division,
proliferation, apoptosis, and differentiation [53]. Moreover, it has been rshioat
protein kinases are activated by viral infection [54], suggeshiagthe L domain-
containing membrane receptor could be involved in virus susceptibilityfextion.
Different virus susceptibility could be due to differences in copynimers or
modifications of these two receptors. Therefore, the identiBedptors are suitable
targets for further investigations regarding virus susceptibi@uantitative PCR
(gPCR) can be used to determine the absence, presence and topyeaimber of
the target genes in each genome. Furthermore, sequence anatysseofeceptors
will be conducted among the studied strains and the two out-groups inibrder
sequence variation (deletion, insertion and base substitutions) carebeidetl and

linked to virus susceptibility.

The occurrence of an ubiquitin and an ubiquitin-conjugation enzyme E1 might

indicate its involvement in virus infection. Previous results of an EST study eedbi
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with gene expression analysis by using microarrays had tedicthe down-
regulation of three ESTs related to the ubiquitin protein familytaadip-regulation
of two of them during viral infection (Keget al. manuscript submitted). Ubiquitin
and its relatives regulate processes in eukaryotic celtevglent attachment to other
cellular proteins, thereby changing the stability, localizatiorgabivity of the target
protein [55]. The most prominent function of ubiquitin is the mediated pysisabf
labelled target proteins. Moreover, ubiquitin modifications are alsovadah virus
budding [56] indicating the importance of ubiquitin and its relatives fousvir
susceptibility or infection.

It would be of great importance to show that there are signifdiffierences
in the degree of variation in the genes associated with ubiquitin. \Wowmore
strains should be analyzed and other quantitative methods like gPCR should be

applied before drawing definite conclusions on its involvement in virus infection.

The identification of genes related to morphology, i.e. the formaticzoecoliths,
revealed potential genes for further applications. We identifiegraein for
elongation of very long chain fatty acids which is in accordante te discovery of
a similar gene in a previous study associated with biomimatan [57]. As
coccolith precursors are synthesized in the Golgi-derived stasct[58,59], the
identified CASP-like protein would be of interest due to its possiie in intra-
Golgi transport. In addition, it has been shown that in the spBt@asochrysis, the
coccolith formation is mediated by acidic polysaccharides [58,60jesd
polysaccharides show a significant level of homology to glycosgteaases.
Therefore, our discovery of a glycosyltransferaseEirhuxleyi could be possibly
linked to coccolith formation. Several hypotheses about coccolith farmexist (for
overview see [61]). Furthermore, novel genes possibly involved in cakooih and
coccolithogenesis were identified by EST approaches, micrsarfay gene
expression analysis, and suppressive subtractive hybridization [11,57,62].
Nevertheless, the process of coccolithogenesis and the exactrgetesd in remain

to be elucidated.
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Conclusions

We successfully applied microarray-based CGH to compare the genontent of
different Emiliania huxleyi strains regarding virus susceptibility and morphology.
Among others, the membrane receptors and the ubiquitin-related probains t
possibly play a role in virus infection deserve further attention. €uttork will
include the use of microarrays transcript profiling experimemiskaock-out mutants
to focus on the expression of the identified key genes. This wikndxour

understanding of virus susceptibility and viral infectioreohuxieyi.

Methods

Strains and culture conditions

Emiliania huxleyi strains (Tab. 1) anephyrocapsa oceanica were cultured in /2
medium andsochrysis galbana in K media at 15°C with a 16:8 light-dark cycle and
150 pE m?- s'. EH2 and NZEH were treated with 1000 pg/mL Kanamycin because
they were too sensitive against the antibiotic mixture. All ottures were treated
with a mixture of Ampicillin, Gentamycin, Streptomycin, Chlorarapitol and
Ciprofloxacin (Tab. 2). Antibiotic treatment took place over 10-12 dayter 5-6
days cultures grown in 200 mL treated with antibiotics were tearesf to 800 mL
antibiotic treated /2 media. Five to six days later cellsewearvested on 1.2 pm
RTTP ISOPORE filters Millipore. Cultures were checked agalvecteria with
acridine-orange staining. Only samples with no observed bactetia used for

analysis, although we cannot reduce a highly reduced bacterial background.

Genomic DNA labelling

All steps were performed in technical triplicates in ordervoid methodological
errors in the hybridisation patterns interpretation. Genomic DN& isolated from
the samples using Qiagen DNeasy Plant Mini Kit (Qiagen, HilB¢mnd were then
subjected to amplification according to Agilent’s protocol for atigcleotide array-
based CGH for genomic DNA (version 5.0, June 2007). Restriction digegtisn
performed with 200 ng of genomic DNA for 8 h at 37°C. Digested DNA feairh

test strain and species was labelled with Cy5-dUTP whelfedsuxleyi strain

CCMP1516 was labelled with Cy3 as reference. Labelled DNA sayngiés and

dye incorporation efficiencies were assessed photometrichod@top ND-1000,
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PecLab). Specific activity (pmol dyes per pug genomic DNAravcalculated as
[pmol per uL dye/pg per pL genomic DNA] from the results of photometry.

Microarray hybridizations

Labelled samples were then co-hybridized with the referdac@uxleyi strain
CCMP1516 in triplicates to Agilent oligonucleotide-based 44k custogema
microarrays. One Array contained 37880 different transcripts etbérikom theE.
huxleyi CCMP1516 genome project conducted by the U.S. departmé&neady Joint

Genome Institutehttp://www.jgi.doe.goW using the best gene model for each loand

565 transcripts from our EST study (Kegehll. manuscript submitted). Microarrays
were designed with Agilent’s eArray online application tool version 5.0.

A self-versus-self hybridization was performed in triplicai@sdetermining
probe specificity, array reproducibility, and microarray featunaiformity.
Hybridizations were done for 24 h with 20 rpm using a hybridizatiormblea
(Agilent technologies). After hybridization, the microarrayseverashed according
to the manufacturer’'s instructions (Wash with Stabilization andnBrolution,

Agilent Technologies).

Data acquisition and analysis

Microarrays were scanned using a G25005B Agilent microarraynecavith 100%
photomultiplier tube (PMT) settings for both channels and 5 pm sesoiution.
Signal intensities were detected and normalized by FeatuneackEan software
version 9.5 (Agilent Technologies) using the GE protocol and matrix. Syoth
were not well above background in the self-self hybridization wereved before
further analysis. Results were first analyzed using the Blavare package from
TIGR [63]. An ANOVA test was performed for all groups with-aglue < 0.01 and
a standard Bonferroni correction. The average intensity from ghdisant genes of
the triplicates was used for further analysis. Neighbor-joingstof microarray data
using Euclidean distance metrics (n = 1.000 bootstrap iteratiaspearformed in R

with the ape-packagéttp://www.r-project.orghttp://ape-mol.ird.fry.

The exact Wilcoxon rank-sum test from the R-package exactRask[bdd
was used to compare log2-ratios (LR) between groups of samopidsntify genes

regarding virus susceptibility and morphology. The referenengtf€CMP1516) and
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the two out-group$§. oceanica andl. galbana were excluded in this analysis. Strains
were grouped according to their virus susceptibility (Tab. 1) and rolmg (Tab.
3), i.e. formation of coccoliths. Significance was assumed foraduya- < 0.01. For
visualization, LR of significant gene transcripts were used inaantep clustering
[65] which reorders rows (signals) and columns (strains) acagptdidissimilarity by
a Manhattan metric and a hierarchical clustering by Wardshod [66]. The
resulting heatmaps were drawn with a colour-scale from redirfmm) to white
(maximum).

Original data filesfor all arrays were uploaded in MIAME format for
expressionarrays at GEO http://www.ncbi.nlm.nih.gov/gep/accession numbers
XXXX-XXX).
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Figure legends

Figure 1 - Similarity plot of the 15 testedE. huxleyi strains and the two out-
groups G. oceanica and |. galbana compared to the reference E. huxleyi
CCMP1516).

E. huxleyi strains and out-groups plotted in a 2D-map of amounts of log2-ratios above
0.48696 (x-axis) and below -0.8270 (y-axis), respectively. The number tdghe

ratios above the threshold of 0.48696 indicates increased copy number. The numbe
of the log2-ratios below the threshold of -0.8270 indicates reduced copy mumbe
deletion, or low homology to the reference str&nhuxleyi CCMP1516). The closer

a strain or species is to the origin of the graph the higher ithiarsty to the

reference strain.

Figure 2 - Dendogram of all 16E. huxleyi strains and the two out-groupsG.
oceanica and |. galbana based on the CGH data for all genes derived from the
ANOVA analysis.

The dendogram was produced by taking Euclidean distances ofaHed@ta (log
ratios) in a neighbor-joining tree (n = 1.000 bootstrap iterations) witlR the ape-

package.

Figure 3 - Heat map of the Wilcoxon test analysis concerning virus suscéplity

of the 15E. huxleyi strains.

Strains were grouped according to their virus susceptibility (Talsigpificance was
determined as p-value < 0.01. From the resulting log2-ratios of #igadicant
signals a heat map was generated by hierarchical clust@tiegheat map identifies
overall high (white) and low (red) signal intensities. Viruseeptible strains are
indicated as green leafs in the hierarchical clustering abloweheat map. The
reference straifk. huxleyi CCMP1516 was excluded in the analysis but drawn in the

heat map to visualize the variation in log2-self-self-ratios.
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Figure 4 - Heat map of the Wilcoxon test analysis concerning the
morphology/morphotypes of the 1%E. huxleyi strains.

Strains were grouped according to their morphology (Tab. 3). Fromeshdting
log2-ratios of these significant signals a heat map was @edeby hierarchical
clustering. The heat map identifies overall high (white) and loed)( signal
intensities. Strains which possess coccoliths are indicatedregn deafs in the
hierarchical clustering above the heat map. The referencen diaihuxieyi
CCMP1516 was excluded in the analysis but drawn in the heat mapcabeatbsn
figure 3.

Tables
Table 1 - Virus susceptibility and resistance oE. huxleyi strains derived from
Allen et al. [20]

Emiliania huxleyi virus (EhV) strain
Emiliania huxleyi host strain 86 84 88 16201 205 202 208 207

92 (English Channel) - - - - - - - - -
92A (English Channel) - - - - - - - - -
92D (English Channel) - - - - - - - - -
92E (English Channel) - - - - - - - - -
92F (English Channel) + + + + + + o+ + o+
CCMP379 (Unknown) - - - - - - - - -
CCMP374 (Gulf of Maine) + + 4+ + + + + + o+
CCMP373 (Sargasso Sea) - - - - - - - - -
12-1 (Sargasso Sea) - -+ o+ o+ o+ o+ o+ o+
CCMP1516 (South Pacific) + + + - + + + + o+
Van 556 (North Pacific) - - - - - - - - -
CH 24/90 (North Atlantic) - - - - - - -+ -
CH 25/90 (North Atlantic) - - - - - - - - -
L (Oslo Fjord) + + o+ o+ 4+ - + o+ 4+
NZEH (South Pacific) - - - - - - - - -

EH2 (South Pacific) + o+ 4+ - + + 4+ o+ 4+
+, culture lysis; -, no evidence of lysis after ddys of viral infection cultures were not lysed and
considered to be non-susceptible to the virusrs{eA].




PUBLICATION 3

88

Table 2 - Antibiotic treatment mixture

Antibiotic Concentration in culture [mg/mL]
Ampicillin 0.05

Gentamycin 0.003
Streptomycin 0.025
Chloramphenicl 0.001
Ciprofloxacin 0.010

Table 3 - Isolation sites and morphology of the 1B. huxleyi strains

Emiliania huxleyi strain

coccoliths

Collection site

92 (English Channel)

92A (English Channel)
92D (English Channel)
92E (English Channel)
92F (English Channel)

CCMP379 (= 92A)
CCMP374 (Gulf of Maine)
CCMP373 (Sargasso Sea)
12-1 (Sargasso Sea)
CCMP1516 (South Pacific)
Van 556 (North Pacific)
CH 24/90 (North Atlantic)
CH 25/90 (North Atlantic)
L (Oslo Fjord)

NZEH (South Pacific)

EH2 (South Pacific)

N 49°19N 07°26W
N 50.1669N 4.2504W 1mile west of the
Eddystone
Y 50°02N 4°22W
Y 49°52N 06°12W 2m depth
Y 49°52N 06°12W 2m depth
N 50.1669N 4.2504W 1mile west of the
Eddystone

N 42.5000N 69.0000W Gulf of Maine (5 meters)

32.1667N 64.5000W

32.0000N 62.0000W (50 meter depth)

N

Y

Y 02.6667S 82.7167W (surface)
N 49°05N 144°40W
Y 57°20N 01°09E
Y 57°26N 6°13E
N 60°N 11°E
Y Big Glory Bay, NZ
Y Great Barrier ,Reef

Y, strain possesses coccoliths; N, strain has nodibhs.
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Supplementals

Table S1 — Identified genes dE. huxleyi by a Wilcoxon-Test in respect to virus
susceptibility and virus resistance.

Excel-file including array, gene and protein- ID, html-link to the genomilasite of
the reference straid. huxleyi CCMP1516, description and function of the identified
genes and the log2-ratios means of th&litxleyi strains.

Table S2 — Identified genes dE. huxleyi by a Wilcoxon-Test in respect the
existence of coccoliths.

Excel-file including array, gene and protein- ID, html-link to the genorlesite of
the reference strai. huxleyi CCMP1516, description and function of the identified

genes and the log2-ratios means of th&liGixleyi strains.
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Figure 2
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3 GENERAL DISCUSSION

The publications presented in this thesis focused on the identificatgenes
involved in the virus infection oEmiliania huxleyi by taking advantage of EST
libraries and DNA microarrays. Furthermore, genomic differerafeseveral E.
huxleyi strains from different geographic origin were determined @yparative
genomic hybridizations concerning virus susceptibility and morphobgyeriments
yielded in a diverse range of new informationErhuxieyi. Perspectives for future

research that arise from this thesis are given at the end.

3.1 EFFECTS OF VIRAL INFECTION ON EMILIANIA HUXLEYT

Emiliania huxleyi is of great importance for nutrient and biogeochemical
cycles of sulphur and carbon in the marine environment due to itsydbilform
immense blooms. Lytic viral infection of this alga leads to teation of blooms and
therefore influences the global climate. For this reasonstafgarticular interest to
get more knowledge about this complex alga and especially intddbevirus
interaction.

Publication | provides the first cDNA libraries of a host-virus interaction i
the marine microalgae community, a first view into the geneesspn throughout a
virus infection of E. huxleyi by taking advantage of ESTs and the basis for

publication Il . The results opublication | andll identified many genes involved in
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the host’s response to viral infection. The differential expoessif certain genes
during viral infection suggests their involvement in the interadbeiveen the host
and the virus. This makes them suitable targets for further igagiet. Publication

| and Il investigated EST libraries frorg. huxleyi during viral infection. Three
cDNA libraries generated 6, 12 and 24 hours post infection with EhV-8thi@n
thesis referred to as T6, T12 and T24) were compared to a liboanyain uninfected
culture (TO) by sequencing, clustering and manual annotation. Siecgehome
sequences for both, the virus and the host were available, it wasi@ossletermine
the precise number of ESTs from both in all four libraries, ctamty. Results of
publication | andll provide insights into the infection mechanisms of the virus EhV-
86 in E. huxleyi. Furthermore, changes in gene expression levels, assessed through
two-colour oligonucleotide microarrays, were compared with the ffegeency in
the EST librariesdublication Il ). The use of ESTs coupled with microarray analysis
has shown that it is a powerful tool to study gene expression ofganism under
different conditions.

The results opublication I show that by the sequencing of only around 90
ESTs per library a trend was already recognizable. The gérieshuxieyi involved
in photosynthesis were down-regulated for the benefit of an incrésestription
and translation. Less than 5% ESTs were of viral origin at 64ié)12 (T12) hours
post viral infection. In addition, at 24 hours (T24) post infection only 10%hef
MRNA was of host originPublication Il confirmed the tendencies ptiblication |
and discovered more genes involved in the host's response to viralanfethie
results demonstrated the power of EST libraries and DNA miegsmto obtain data
on gene expression and regulation during viral infection.

The most prominent effect of the viral infection on the host trgrtecne is
the change in the expression of genes involved in photosynthesis, tramscaipd
translation, glycolysis, fatty acid metabolism, and protein degoadéFig. 1). For
viral replication the biosynthetic machinery of the host celshbe modified for the
benefit of viral proteins. The virus drastically changes hostdrgm®n already after
6 hours, when only 38 (3.9%) viral ESTs are pregambl{cation Il ). Hence, the up-
regulation of genes related to protein and ATP synthesis imitoehondria, genes
involved in glycolysis and fatty acid synthesis, and genes involv&NA-synthesis

and translation of the host could be an indication for a boost in the sxpres viral
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proteins which require large amounts of energy. Another indication for enhanced viral
protein expression is the down-regulation of host genes involved in photosynthes
protein degradation, signalling, pigment synthesis, RNA processingittiee acid
cycle, and protein import to the mitochondria. In general, both organaflié&s
huxleyi seem to be down- regulated for the benefit of an increasesctiption and

translation used for viral replication.

. Folding,
Carbohydrate  photosynthesis Transcription sorting and
d linid and translation .
ana lipi dearadation
25 15 M r—" 2
20 - 10 | 2 i I
10 | o
15 - > 81 1
| ] = [
10 - 0 ®7 2
5 4
5 - . 3 [
-10 2
0 01 ] B
-15 - ] 5 | |
5 -20 - -4 -6
-10 -25 6 7
BT6 0OT12 0OT24

Figure 1. Differential expression of genes involved in carbohydrate aidl fiygtabolism
(including glycolysis and fatty acid metabolism), photosynthesianscription and
translation, and folding, sorting and degradation during viral imfiectPositive values of
barplots indicates the number of significantly up-regulated ggemeereas negative values
shows the down-regulated genes at 6 (black bars), 12 (greyabbar@y hours (white bars)
post infection in comparison to a healthy culture.

The break-down of photosynthesis is of particular importance to
photosynthetic organisms. During viral infectionEfhuxieyi, EST and microarray
results revealed significant reduction of genes involved in photosysmtHesor
infection 17.2% of ESTs were related to genes involved in photosynthesis. After 6, 12
and 24 hours viral infection the percentage of photosynthesis-r&l&fesl decreased

to 2.5, 3.3, and 0.5%, respectively. The observation of a reduction of photosynthesis
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during viral infection has been previously reported Eor huxleyi cultures by
measuring photochemical capaciBy{Fy), carotenoids and chlorophyll composition,
and intracellular reactive oxygen species (ROS) production (Eeams, 2006,
Llewellyn et al., 2007).

ESTs ofE. huxleyi related to transcription and translation increased from 3.4%
at TO to 25.0% at T6 and 12.4% at T12 suggesting a favoured synthesral of
proteins. The changes of host transcription already after six raisinfection,
when only 38 (3.9%) viral ESTs are present, could be indicated by theremoe of
a putative viral DNA-dependent RNA polymerase Il subunit (EHV064). RNA
polymerase Il is essential for transcription of viral genesddition, at T6 a putative
viral protease (EHV349) was identified which might be responsible the
degradation of host proteins. The down-regulation of host genes involved im prote
degradation at T6 and T12 such as ubiquitin indicate the takeover of the hos
machinery. A viral HNH endonuclease family protein (EHV093) was faatn@12
which could lead to the degradation of host DNA. Furthermore, a yeitaiial
proliferating cell nuclear antigen (EHV440) was identified andctiaould help in
DNA binding during transcription of viral genes. The occurrence iitative viral
fatty acid desaturase (EHV061) could be involved in membrane lysishe lysis of
host cells.

A previous study has shown that host cells release virus parbeleveen 4
and 48 h after infection while remaining intact (Allen & Wilson, 20@&irthermore,
it has been demonstrated that coexistence of host and virus is passilileat both
can replicate during infection (Thyrhaw al., 2003). Supporting these findings,
microarray results showed an up-regulation of several genes involved i
photosynthesis during viral infection, which indicates, that at @ste cells were
intact and perform photosynthesis. In addition, the low abundance ofE8iEd at
T12 (2.3%) indicates that perhaps many host cells remained iméardy a few
infections took place. However, the change to 89.2% viral ESTs atub@#ests that
between 12 and 24 hours post infection the virus took over the transcriptional
machinery of the entirE. huxleyi population.

At T24, a putative viral major capsid protein (EHV085) whose function is
well known and defined in viral systems (Allehal., 2008), and a putative viral
DNA ligase (EHV158) which could be used for DNA replication wetentified.
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These two genes could be involved in the packaging and the followirgeede new
viruses. One copy of a Longevity-assurance (LAG1) family profeEHV014) was
identified which is involved in the ceramide synthesis. Ceramidadain regulating
apoptosis suggesting that LAG1 could be involved in the lysis of hdst Aelother
indication for the releasing of new viruses could be the up-regulat host genes
involved in the exchange with vacuoles such as Vacuolar ATP syntiasslgtic
subunit A and V-ATPase subunit d at T6 and T12. These suggestions are in
accordance with previous studies (Wilsairal., 2005, Allenet al., 2006a, Allen &
Wilson, 2006). It was shown that at 4 h post infection viruses jugedtéeing
released. However, at 33 h post infection the host cell is séilsieady stage of virus

releasing and re-infection until the host finally lyses after around 48 h.

« the virus drastically changed the host transcriptome alreadyaixs post
infection

* host genes involved in photosynthesis were down-regulated during| viral
infection

* host genes involved in energy production like glycolysis and fatig |a
synthesis were up-regulated during viral infection

e after 24 hours post infection only 10% of the mRNA was of host origin

e between 12 and 24 hours post infection the virus took over the transcriptipnal

machinery of the entirE. huxleyi population

3.2 BIODIVERSITY IN SEVERAL STRAINS OF E. HUXLEYT

The influence of viruses is well recognized on marine geochéryckes by
regulation of host populations. As stated abBueliania huxleyi plays an important
role in global biogeochemical cycles and its blooms are oftemrtated by viruses.
But the algae survives the termination by escaping the virus gihrdite-cycle
transition (Fradeet al., 2008). In addition, previous studies have reported different

genome sizes among different morphotypeE.dfuxieyi from different geographical
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regions via DNA microsatellites and restriction fragmemgte polymorphism
(RFLP) analysis (Medliret al., 1996, Iglesias-Rodriguegt al., 2002). The same
studies revealed the presence of different ecotypds. diuxleyi potentially with
differences in genome organization in response to environmental contidos
potential threats, such as viral infections. Furthermore, an exdorpdeconnection
between genetic variation and virus susceptibility has been demteds{Schroeder
et al., 2002). It has been shown that virus resistant strairis btixleyi display a
higher DMSP-lyase activity than strains that are susceptiblarus infection. One
reason for the different enzyme activities could be variatiorike expression of the
gene coding for the enzyme due to either a change in transcriptgudation or a
change of the copy number in the genomes. So far, research wasdoan 18S
rRNA, microsatellites and a limited number of functional gefi@sassess role of
ecological diversification, virus susceptibility, and morphology (égmation of
coccoliths) in determining intra-species genetic differenebsle genome analysis is
required.

Publication [l describes the first attempt to apply microarray-based
comparative genomic hybridization (CGH) da huxleyi strains. The goal of
publication Ill was the detection of genetic diversity and of genes possibtgdeao
virus susceptibility and morphology &. huxleyi strains from different geographic
origin. Genomic DNA of 15 differenE. huxleyi strains was compared by co-
hybridization with the sequenced strain CCMP1516. The two sp&ej@s/rocapsa
oceanica andlsochrysis galbana were taken as out-groups. The relative copy number
of each gene transcript was determined by the signal intewfsitye two samples
described by the log2-ratio (LR = sample/reference). Thetsestipublication I
revealed the genetic distance betwéeruxleyi strains and the two out-groufs
oceanica and|. galbana based on cluster analysis of the log2-ratios (LRs). A self-
versus-self hybridization was used to determine the threshold fatehgfication of
genetic divergence. Divergent genes concordant with reduced copynsuaddetion
or nucleotide divergence were below the threshold of LR < -0.8270. Gene
duplications were indicated by LRs above 0.48696. The genetic distaetvesen
strains of E. huxleyi are in accordance with previous reports that demonstrated

different genome sizes among different morphotype&.dfiuxieyi from different
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geographical regions based on DNA microsatellites and restribtagment length
polymorphism (RFLP) analysis (Medleb al., 1996, Iglesias-Rodriguex al., 2002).
CGH has been extensively utilized to elucidate genetic divemsaiynly in
bacterial systems likeHelicobacter pylori, Campylobacter jeguni, Entamoeba
histolytica, Francisella tularensis, Mycobacterium tuberculosis, (Salameet al., 2000,
Kato-Maedaet al., 2001, Broekhuijsert al., 2003, Pearsod al., 2003, MacFarlane
et al., 2005) but also in the eukaryotic systems of yeast (Watagtable, 2004).
Microarray analysis had indicated a limited genetic variaivithin the species and
strains. Strain comparisons showed differential hybridization leetw@17 and
16.7% of the gene transcripts. The genetic diversity increasesitup to 90%
within the subspecies. In contrast, the resulisubdlication 11l revealed huge genetic
variation between 27% and 57% within the species and up to 69% to thgehdesr
G. oceanica (Fig. 2). AsE. huxleyi has evolved frong. oceanica only 268.000 years
ago (Thiersteiret al., 1977) and became dominant around 70.000 years ago, this high

genetic diversity could indicate thiat huxleyi is still in its evolutionary radiation.
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Figure 2. Genetic diversity in per cent of the 15 differ@huxleyi strains and the two out-
groups G. oceanica and |. galbana in comparison to the reference strai huxleyi
CCMP1516. The number of the log2-ratios above the threshold of 0.48696tdndica
increased copy number. The number of the log2-ratios below thehdldesf -0.8270
indicates reduced copy number, deletion, or low homology to the refereaoe kbg2-
ratios between the two thresholds indicate no significanerdifice between sample and
reference.
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The highest genetic variation amongst the strains in comparisoheto t
reference was observed in the case of strain 92F (57.4%). This #r virus
susceptible and possesses the ability to produce coccoliths, both suggdstiher
similarity to the reference strain (CCMP1516). The geographgin of the strains
could be an explanation for the high genomic deviation from the reterdine
reference strain was isolated near the coast of Ecuador wHi#Eawas obtained
from the English Channel. Another strain collected in the Englisannel, 92E,
showed 70.3% similarity to the reference strain. Both English Chatra@ls possess
coccoliths but show different virus susceptibility. As the refezesitain is virus
susceptible, the genetic differences between these two stmiltsnot be caused by
virus susceptibility. The genomic comparisons support earlier findddooms
being dominated by a succession of different populations (Bragbak, 1995).
During a bloom the community compositionEfhuxleyi is affected by viruses in the
role of a population controlling factor. One specific population is dateidh by
viruses making blooms of succeeding populations possible (Bratbak, 1995).
Affected populations induce life-cycle transition to a haploid (1lnyesta escape
viral infection as the haploid phase has been demonstrated to s@aneso viral
infection (Fradaet al., 2008) At the time of isolation 1992 during a bloom in the
English Channel, the strain 92F was in a haploid stage while $2&inwas in a
diplod (2n) stage. This suggests that 92F was escaping viralionfezhereas 92E
was blooming due to resistance to specific viruses. Reasons fgerteéic distance
between these two strains could be still differences in the meyE®tgenome size
or ecological strategies (Thyrhasigal., 2002).

So far, the strain 92E is regarded as virus resistant agantifferent EhVs.
As viruses are the most abundant biological entities in the déedmwman, 1999,
Suttle, 2000, Wommack & Colwell, 2000) it is likely that viruses dpedor this
strain exist but have not been isolated yet.

However, more strains of this rather young species (&aatz 2003) should

be analyzed before drawing definite conclusions on their genetic variation.
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3.2.1 VIRUS SUSCEPTIBILITY OF EMILIANIA HUXLEYT

To elucidate whether a lack of certain genes, copy number chamge
sequence divergence between reference and tester strain play éle different
biological properties of virus susceptibility a Wilcoxon rank-sun vess applied
(publication 11l ). The test compared the log2-ratios (LR) between groups of sampl
to identify genes regarding virus susceptibility. The reference straiM1516) and
the two out-group§. oceanica andl. galbana were excluded in this analysis. Strains
were grouped according to their virus susceptibility. Prior to aisalydl mean
signals that failed to produce a positive result above the thcesiidhe reference
(LR > 0.48696) in at least one of the 16 differ&nthuxleyi strains (excludings.
oceanica andl. galbana) were removed from the data set. This resulted in 21371
signal combinations. Significance was defined as p-value < 0.01. Thienggenes
were manually analysed by BLAST searches against tH& N@h-redundant protein

database hitp://blast.ncbi.nlm.nih.gov/Blast.cgi NCBI-nr) and the SwissProt

databasehtp://www.expasy.org/sprgtand were compared with Pfam (Batengn

al., 2002). Among others, two membrane receptors were found to be different
between the susceptible and the resistant strains: one scavergor protein and
one receptor L domain-containing protein. The first step of virustiofeinvolves
attachment of virus particles to host-specific cell surfamptors (Norkin, 1995,
Baranowskiet al., 2001). This prepares the way for the viruses to enter the host cell.
Once inside the host cell, viruses utilize the host machinerydier @ enhance the
efficiency of its replication process. Consequently, the exuessithe receptor on

the outer surface of the host is a major determinant of the roatetryiof the virus

into the host and of the patterns of virus spreadpatitbgenesis in the host (Norkin,
1995). Viruses have evolved to exploit these receptors to gain entrycells.
Previous studies have demonstrated that the lack of receptor expnessrict virus
entry (Renet al., 1990, Ejrnaest al., 2006, Erbaret al., 2008). The identified
scavenger receptor is a transmembrane glycoprotein and seemtiof members of

the immunoglobulin (Ig) superfamily (Resniekal., 1994). Members of this family

are known to be involved in entry of more than one virus into cells (iBaski et

al., 2001) and references therein). The L domain of the second identifiedrarem
receptor is also found in insulin receptor (IR) which is closelgted to members of
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the tyrosine-kinase receptor superfamily. Members of this yapliy a role in
different cellular processes, including division, proliferation, apoptosisd
differentiation (Manninget al., 2002). Moreover, it has been shown that protein
kinases are activated by viral infection (Monigkkal., 2001), suggesting that the L
domain-containing membrane receptor could be involved in virus susceptdrilit
infection. Different virus susceptibility could be due to differencesopy numbers
or modifications of these two receptors. Therefore, the idestifeceptors are
suitable targets for further investigations regarding virus susceptibilit

The occurrence of an ubiquitin and an ubiquitin-conjugation enzyme E1 might
indicate its involvement in virus infectiofublication Il combined an EST study
with gene expression analysis by using microarrays. Resutmtizated the down-
regulation of three ESTs related to the ubiquitin protein famitytae up-regulation
of two of them during viral infectionp@blication 11'). Ubiquitin and its relatives
regulate processes in eukaryotic cells by covalent attachtoemither cellular
proteins, thereby changing the stability, localization, or actiwityhe target protein
(Pickart & Eddins, 2004). The most prominent function of ubiquitin is theiated
proteolysis of labelled target proteins. Moreover, ubiquitin modiboatiare also
involved in virus budding (Woelkt al., 2007) indicating the importance of ubiquitin
and its relatives for virus susceptibility or infection.

It would be of great importance to show that there are signifaiffierences
in the degree of variation in the genes associated with ubiquitin. \HWowmore
strains should be analyzed and other quantitative methods like gPCR should be

applied before drawing definite conclusions on its involvement in virus infection.

e CGH revealed a huge intra-species diversit.ihuxleyi

* high genetic diversity between two strains from the samgrgphic origin
suggests difference in morphotypes, genome size or ecological strategy

« CGH made it possible to identify genes in relation to virus susceptibility

» identification of two membrane receptors, possibly playing a keyinoVirus
susceptibility

e identification of proteins related to ubiquitin (also found in the E&i0y3

indicating their possible involvement in virus infection
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3.3 PERSPECTIVES OF FUTURE RESEARCH

In summary, the advantages of an EST approach for simultaneoasetisc
and identification of host and viral genes involved in viral infectiomehbeen
demonstrated. Moreover, CGH based on microarrays was proven eytreetll for
phylogenetic reconstruction and pinpointing single gene differdmetegeen closely
related strains ofEmiliania huxleyi with respect to virus susceptibility and
morphology, i.e. existence of coccoliths or not.

While the aim ofpublication | was to provide a first insight into the host-
virus interaction okE. huxleyi, the aim ofpublication Il was to broaden the basis of
available sequence informatioRublication Il has also shown that complementing
this approach with microarray analysis enables the detectioneof wore subtle
changes in gene expression. Viral infection affects the tiatisoal machinery oE.
huxleyi within a few hours by decreasing the expression of genes imvolve
photosynthesis and protein degradation at the benefit of fatty acidbohista,
glycolysis, and transcription and translation. The expressi@ntafxieyi and EhV-86
genes changed significantly between 12 and 24 hours after infeatidicating
further functional investigations during this infection period. QuanéaRT-PCR
(gPCR) could be used to follow the expression of identified genesgdiine
infection period mentioned before with higher sampling resolution éegyry hour).
Since the infection process is not synchronized between singte loelk samples
from any given time point have no resolution power for the infectiqgesta a single
cell level. However, up to now little is known about the processes irdvaivehe
viral infection of E. huxleyi. But the numbers of highly expressed but functionally
uncharacterized sequences have the potential of yet unknown protewventah
viral infection. Therefore future investigations should regard thentdication of
relative transcript abundances by using gPCR to validate miayoanalysis.
Another consideration would be the study of ratio of variable to meaneficence
(R//Fu) and the effect of abiotic factors like nutrient availabilfiq or CQ during
viral infection.

In publication 1l microarray-based CGH was successfully applied to
elucidate genetic diversity among different strains Eof huxleyi of different

geographic origin. As a strain specific microarray can onliyveat kind of genes are
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present or not in relation to the genome studied, the construction of dioraadi
microarray of a resistant strain would be appropriate. Howeveiligesvealed that

up to 57% of the genes showed a pattern of hybridization concordant \etlomle
nucleotide divergence or gene duplication within the species comparee to t
reference straiiz. huxileyi CCMP1516. One reason of the genetic differences between
strains could be differences in the morphotypes and genome sizefoféeferther
investigations should regard measurements of genome size by jtmmaetry.
Moreover, a Wilcoxon rank-sum test was used to compare log2-ratios between groups
of samples to identify genes related virus susceptibility and morphology.

Among others, the two membrane receptors and the ubiquitin-relatechprotei
that possibly play a role in virus infection are suitable tardets further
investigations. gPCR can be used to determine the real copy nundaehigenome.
Future work should also include the use of microarrays transcriptlimpgofi
experiments and knock-out mutants to focus on the expression of theiedekéy
genes. To identify more genes regarding virus susceptibiétye gxpression analysis
should be considered during viral infection, e.g. after 4 hours viral ioMect
Furthermore, ecent findings revealed a novel virus-escaping strategl. dfuxleyi
during blooms (Frada&t al., 2008). Virus mediated termination & huxleyi blooms
induces life-cycle transition of affected populations. Hence, furtivestigations should
also focus on the life-cycle stagéhe proposed further investigation outlined above

can extend our understanding of virus susceptibility and viral infecti&nhafxleyi.
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5 SUMMARY

This thesis aimed at the identification of genes involved in the Virost-
interaction of the coccolithophoimiliania huxleyi and the virus EhV-86 by taking
advantage of EST libraries and DNA microarrays. Microarragthacomparative
genomic hybridization (CGH) was used to investigate the geratiation of several
E. huxleyi strains and to identify genes with respect to virus susceptilaihd
morphology, e.g. formation of coccoliths.

Analysis of expressed sequence tags (ESTs) was performexintengights
into the host-virus interaction d&. huxieyi. Three complementary DNA (cDNA)
libraries generated 6, 12 and 24 h post viral infection were compardibtarg from
an uninfected culture by sequencing, clustering and manual annotatiandoinly
selected ESTs. At first, a preliminary set of 60-90 ESTs feaoh library were
annotated to get an overview of gene expression changes that ocowy dual
infection of E. huxleyi. BLAST-searches of the sequenced genome of the virus (EhV-
86) were used to identify viral genes. Results of this small saprpbe show already
a trend towards down-regulation of genes involved in photosyntheSioxleyi for
the benefit of an increased transcription and translation forrepication. At 6 (T6)
and 12 (T12) hours post viral infection the algal transcriptome chasigaificantly
although only 3-4 viral transcripts were present. In addition, at 24 hdo@dy post
infection only 10% of the mRNA was of host origin. Viral transcriplsntified at
T24 encode proteins involved in protein degradation, nucleic acid degradation,

transcription and replication.
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As a next step, 1100-1500 ESTs per library were sequenced and annotated.
Results confirmed the previous tendencies and discovered more genesdimvahe
host's response to viral infection. Furthermore, two-colour oligonucleotide
microarrays were used to verify the gene expression resulte &&STs. A total of
4480 ESTs were assembled into 1871 clusters of which 223 clusterofwéral
origin. A putative function could be assigned to 35% of the host clumterso 20%
of the viral clusters.

In addition, microarray expression analysis indicated that 231 out of 565
oligonucleotides ofE. huxleyi changed their expression level in at least one time
point. Results suggest that viral infection affects the trgstgmmal machinery oE.
huxleyi within a few hours by decreasing the expression of genes imvoitve
photosynthesis and protein degradation at the benefit of fatty acidbatista,
glycolysis, and transcription and translation. The expressi@ntafxieyi and EhV-86
genes changed significantly between 12 and 24 hours after infection.

The results provide insights into the infection mechanisms of the ks
86 inE. huxleyi and demonstrate the power of EST libraries and DNA microatoays

obtain data on gene expression and regulation during viral infection.

Microarray-based comparative genomic hybridization (CGH) waseappd
investigate genomic diversity of I8 huxleyi strains of different geographic origin
and to identify genes related to virus susceptibility and morphology.mibroarray
consisted of 565 genes derived from the former EST studk. dfuxieyi strain
CCMP1516 and 37880 genes from the ongoing genome project of the same stra
Gephyrocapsa oceanica andlsochrysis galbana were taken as out-groups. A total of
32395 gene transcripts showed significant hybridization patterns amdused to
elucidate genetic diversity. Hybridization intensities were gar@d to determine the
relative copy number of each gene transcript. Comparisons witbetiigenced.
huxleyi strain CCMP1516 revealed that 27% (8740 genes) to 57% (18581 genes) of
the genes showed a pattern of hybridization concordant with deletion, mleleot
divergence or gene duplication within the species and up to 83% (26881 genes)
between the genera. The largest variation was observed among ¢res dpeE.
huxleyi strain 92F. Regarding variation with respect to virus susceptikalid

morphology the most abundant genes with known function were associated wit
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metabolism, transport, and transcription and translation. In additionmniwmobrane
receptors and two proteins related to ubiquitin were identifidiwshow significant
differences between virus susceptible and resistant strains.

The results obtained by using CGH demonstrate that this method is
appropriate to compare the gene content of diffekerttiuxieyi strains. CGH was
successfully applied to identify genes related to virus susdégtdmd morphology.
Among others, the membrane receptors and the ubiquitin-related probains t

possibly play a role in virus infection deserve further attention.



6 ZUSAMMENFASSUNG

Ziel dieser Arbeit war es mittels EST-Banken und DNA-Marays Gene zu
identifizieren, die in der Wirts-Virus-Interaktion der CoccolithopderEmiliania
huxleyi und dem Virus EhV-86 involviert sind. Mehree huxleyi Stamme wurden
auf ihre genomische Variation mit Hilfe von Microarray-basieen
Hybridisierungen untersucht. Des Weiteren zielte der genomiéehgleich darauf
ab, Gene in Bezug auf Virusanfalligkeit und Morphologie (z.B. Aufereison
Coccolithen) zu identifizieren.

Um Einblick in die Wirts-Virus-Interaktion voR. huxleyi zu erhalten wurden
expressed sequence tags (ESTs) analysiert. Drei cDNA-Bénke wurden nach 6, 12 und
24 Stunden Virusinfektion hergestellt und mit einer Bank einer uningxnidfultur
verglichen. Dazu wurden zuféllig ausgewdahlte ESTs sequenziemppigrt und
manuell annotiert. Um einen Uberblick der Genexpressionsveranderungef. von
huxleyi wahrend der Virusinfektion zu bekommen, wurden anféanglich nur 60-90
ESTs pro Bank annotiert. Die Virus-Gene wurden mittels BLASTh8gegen das
sequenzierte Virus-Genom (EhV-86) identifiziert. Trotz einerclsokleinen
Stichprobe konnte ein Trend Richtung Herunterregulierung von Genen der
Photosynthese ausgemacht werden. Auferdem wurde eine héhere Anzahkean Ge
der Transkription und Translation vd&h huxleyi nachgewiesen, die vermutlich zur
Replikation des Virus verwendet werden. Obwohl jeweils nur 3-4 evifaéne
vorhanden waren, veranderte sich das Transkriptom der Alge nach) Gurfd 12
(T12) Stunden Virusinfektion signifikant. Nach 24 Stunden (T24) Infektiamstten
nur noch 10% der mRNA vom Wirt. Unter den identifizierten viralen Geng24
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befinden sich Proteine die vermutlich fur den Abbau der Wirts-DMA -proteine
zustandig, sowie fur die Trankription und Replikation des Virus verantwortlich sind.
Darauffolgend wurden pro Bank 1100-1500 ESTs sequenziert und annotiert. Die
neuen Ergebnisse bestatigten die vorherigen Tendenzen und wiesen noGenehr
die in der Wirts-Virus-Interaktion beteiligt sind, nach. Insgesé480 ESTs wurden
in 1871 Gruppen (Cluster) assembliert von denen 223 viralen UrsprungsZsind.
35% der Wirts-Cluster und zu 20% der viralen Cluster konnten moéglichietiBnen
zugeordnet werden. Um die Genexpressionsergebnisse der ESTs fzienani
wurden des Weiteren Oligonucleotid-Microarrays in einer klassispheversus B’
Konfiguration benutzt. Hierbei zeigten 231 der 565 OligonucleotideBEzdmuxleyi
bei mindestens einem Zeitpunkt eine Veranderung im Expressionsmisge
Ergebnisse beider Methoden deuten darauf hin, dass innerhalb wenigernStunde
Virusinfektion der Transkriptionsapparat vBnhuxleyi beeinflusst wird. Dabei wird
die Expression von Genen der Photosynthese und des Proteinabbaus zui Vortei
eines erhodhten Fettsaure Metabolismus, Glykolyse, Transkription umdldtran
reduziert. Zwischen 12 und 24 Stunden Virusinfektion veranderte sich diedSipr
von E. huxleyi und EhV-86 signifikant.

Die Ergebnisse geben einen Einblick in den Infektionsmechanismus rss Vi
EhV-86 IinE. huxleyi und veranschaulichen das Potential von EST-Banken und DNA-

Microarrays Genexpressionsdaten wahrend einer Virusinfektion zu erzielen.

Um die genomische Diversitdt von I huxleyi Stamme verschiedenen
geographischen Ursprungs zu untersuchen wurden Microarray-basierend
Hybridisierungen mit genomischer DNA durchgefihrt. Des Weitexeinde mit
dieser Methode versucht Gene in Bezug auf Virusanfalligkeit ungpidbogie zu
identifizieren. Der Microarray bestand aus 565 Genen der voemeE& T-Studie des
E. huxleyi Stammes CCMP1516 und 37880 Genen aus dem laufenden Genomprojekt
des gleichen Stamme&ephyrocapsa oceanica und Isochrysis galbana wurden als
AulR3engruppen verwendet. Die Hybridisierungen ergaben insgesamt 32395
signifikante Signalkombinationen der Gentranskripte und wurden fur die &ufid
der genetischen Diversitat benutzt. Um die relative Kopienanzahkedem Gen zu
ermitteln, wurden die Hybridisierungsintensitaten der Teststanmaé\ul3engruppen

mit denen des sequenzierten Referenz-Stantndsixieyi CCMP1516 verglichen.
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Innerhalb der Spezies ergab der Vergleich zur Referenz Ohieds von 27% (8740
Gene) bis 57% (18581 Gene) und bis zu 83% (26881 Gene) beim Vergleicmmit de
AulRengruppen. Bei diesen Gen Unterschieden handelt es sich umorizgiet
Divergenzen in der Nukleinsdure oder Gen Duplikationen EDbuxleyi Stamm 92F
zeigte innerhalb des Stammvergleiches die grof3te Variation zfieneRz-Stamm. In
Bezug auf Virusanfalligkeit und Morphologie wurden die meisten Gere m
bekannter Funktion dem Metabolismus, dem Transport, der Transkription und
Translation zugeordnet. AulRerdem konnten zwei Membranrezeptoren und zwe
Ubiquitin-ahnliche Proteine identifiziert werden, die signifikante dusthiede
zwischen virusanfalligen und —resistenten Stammen aufwiesen.

Die Analyse des genomischen Vergleichs ergab, dass diese Methodgitse
zur Untersuchung des Gen Gehaltes von verschiederneixieyi Stammen geeignet
ist. Des Weiteren konnte diese Methode erfolgreich fur die Ideetifing von Genen
in Bezug auf Virusanfalligkeit und Morphologie angewendet werden.r@ingerem
konnten dabei Membranrezeptoren und Ubiquitin-&hnliche Proteine identifizier
werden, die moglicherweise eine Rolle in der Virusinfektion Eohuxleyi spielen

und somit fur weitere Untersuchungen in Betracht zu ziehen sind.
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