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Abstract

Emiliania huxleyi Virus (EhV) is a giant nucleo-cytoplasmic double stranded DNA
virus that belongs to the Phycodnavirus family. It has the capacity to infect Emiliania huxleyi,
the most abundant coccolithophore in today’s oceans. Population dynamics of these
eukaryotic microalgae is clearly controlled by the severe lytic action of EhV. After an
extended bibliographic review on the current knowledge existing on these viruses, we present
a series of bioinformatic and experimental analyses conducted to unveil important functional
genomic features of the EhV. Evidence for the transfer of 29 genes between E. huxleyi’s and
the EhV genomes is presented. In particular, we investigate the origin of seven genes involved
in the unique viral sphingolipid biosynthesis pathway (SBP) encoded in EhV genome. This is
the first clear case of horizontal gene transfer of multiple functionally-linked enzymes in a
eukaryotic host-virus system. We then focus on a field E. huxleyi/EhV system from a
mesocosm experiment in Norway. The dynamics of expression for two of the most important
homologous, host and virus, genes of this pathway, serine palmitoyl transferase and
dihydroceramide desaturase is investigated. Three defined transcriptional stages are reported
during the bloom, with the coccolithovirus transcripts taking over and controlling the SBP.
Finally, host and virus global transcript abundance occurring along the mesocosm experiment
was investigated. The majority of the genes that significantly increased in abundance from pre
to post viral takeover corresponded to viral sequences for which there is so far no match in the
protein databases. Nonetheless, novel transcription features associated with EhV infection
were discovered, namely the utilization of genes potentially related to genetic information
processing, posttranslational control, intracellular trafficking mechanisms, and control of
programmed cell death. As a conclusion, the entire dataset analysed herein is discussed,
followed by the potential implications of these findings and future research perspectives in the

field of plankton virology.

Key words

Virioplankton, coccolithovirus, coccolithophore, Emiliania huxleyi, horizontal gene transfer
(HGT).







Résumé

La découverte de la diversité de virus marins est encore dans une phase embryonnaire.
Au fur et @ mesure que cette prospection se réalise, on prend conscience sur le réle major joué
par les virus en tant que régulateurs de la dynamique populationnel de ses hétes, et finalement
dans I’évolution de la vie cellulaire.

Le Emiliania huxleyi virus (EhV) est un virus geant nucléo-cytoplasmique possédant
un génome en double hélice d’ADN. Il appartient a la famille des virus algaux, les
Phycodnaviridae. Ce virus a la capacité d’infecter Emiliania huxleyi, le coccolithophore le
plus abondant dans les océans modernes. Quand les conditions sont adéquates, cette micro-
algue eucaryote a la capacité rare et extraordinaire de former des efflorescences ou blooms
océaniques tres étendus. Ces phases d’efflorescence se terminent du fait de I’action
extrémement lytique d’EhV. Aprés une revue bibliographique portant sur les connaissances
actuelles concernant ces virus, il sera présenté dans ce manuscrit une série d’approches aient
comme objective major I’étude de la génomique fonctionnelle des EhVs et a mieux
comprendre leur stratégie d’infection.

Nous avons montré tout d’abord sur une base phylogénétique le transfert de 29 genes
entre le génome d’Emiliania huxleyi et d’EhV. Parmi ceux, nous nous sommes en particulier
concentrés sur sept genes de EhV impliqués dans une unique voie virale de biosynthése des
sphingolipides (SBP). Notre étude a montré le premier cas patent, dans un systéme de virus et
phytoplancton eucaryotes, de transfert horizontal de multiples génes d’enzymes liées
fonctionnellement. Les patrons de conservation des séquences de ces genes et des protéines
respectives corrobore leur fonctionnalité, a la fois chez E. huxleyi et chez EhV. Nous avons
étudié les possibilités du sens de ce transfert de genes. Le sens virus-hote suggere I’existence
d’anciens virus qui contrdleraient des voies métaboliques complexes, ce que leur permettrai
d’infecter des cellules eucaryotes primitives. A I’opposé, le sens hote-virus parait étre
I’hypothése la plus parcimonieuse, due a a la fois a la présence de cette vois métabolique
parmi la grande généralité d’organismes eucaryotes, et aussi a la position phylogenetic
présenter par ces génes viraux. La facon trés discriminé dont ils sont placés dans le génome de
EhV, suggére que leur acquisition s’est procédé en serie, ce qui a peut étre été une stratégie
d’un ancétre de EhV pour rester au plus prés de son hote dans la course a I’évolution.

Nous nous sommes dés lors concentrés sur le systeme naturel E. huxleyi /
coccolithovirus, des fjords Norvégiens, pour étudié la dynamique de I’expression de génes
homologues chez le virus et son hote, pour deux des plus importantes enzymes de cette voie
métabolique (SBP), la sérine palmitoyl transférase et la dihydroceramide désaturase. Cette
étude transcriptomique a permis de définir trois étapes au cours de la formation et de la
disparition des blooms de E. huxleyi, pendant lesquelles on registre une activation progressive
des transcrits de coccolithovirus, culminant avec leur contr6le de la SBP au cours des étapes 2
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et 3. Ces phases sont en accord avec I’hypothése supposant que les sphingolipides viraux sont
impliqués dans la synchronisation et le processus physique de relargage de virions par I’hote.
Cette étude donne une vision unique des interactions des transcriptomes des chaines
métaboliques homologues entre le virus et son héte durant les stades de développement des
blooms d’E. huxleyi océaniques.

Cherchant a élargir au reste du génome notre connaissance sur les interactions hotes-
virus, nous avons utilisé la technique de biopuce ou puce a ADN pour réaliser la premiere
étude transcriptomique globale entre un héte (E. huxleyi) et un virus (EhV) au sein d’une
communauté océanique naturel. Nos résultats montrent que durant les efflorescences d’E.
huxleyi il y a un épisode synchrone de dominance virale qui est clairement visible a travers les
signaux transcriptomiques qui en résultent. Parmi les 279 genes fortement induits entre la pre
et la post dominance virale, la majorité (52%) correspondent a des séquences virales pour
lesquelles il n’y a actuellement pas de correspondance dans les bases de données de protéines.
En paralléle, les génes annotés de E. huxleyi et de EhV (dont la quantité de transcrits
augmentent significativement entre la pre et la post dominance virale) correspondent d’une
part a des fonctions attendues impliquées dans le transfert de I’information génétique, mais
aussi, et de maniére plus surprenante, a certaines genes probablement impliqués dans le
contréle post-transitionnel, dans les mécanismes de déplacement intracellulaires, ou méme
dans le contréle de I’apoptose. Bien que nous soyons loin de pouvoir donner une explication
définitive a propos du rdle joué par ces genes, nos resultats (1) indiquent qu’une stratégie
complexe d’infection est utilisée par les coccolithovirus, qui a la fois se confronte avec et
demande I’utilisation équilibré d’une complexe machinerie cellulaire de I’h6te ; et (2) donnent
des éclaircissements précieux quant aux mécanismes des processus d’infection des
coccolithovirus et des fonctions génomiques qui y sont associees.

Du fait que les virus de microalgues disponibles actuellement dans les laboratoires
restent assez rares en comparaison de leur diversité gigantesque au sein des océans, une partie
significative du travail de these a été consacrée aux essais d’isolation de nouveaux virus de
coccolithophores. Un bref résumé de ce travail incluant une analyse des contraintes qui y sont
trouveées est présenté a la suite des travaux scientifiques précédents.

Pour conclure, la derniére partie de cet ouvrage est consacrée a une discussion
générale portant sur les résultats précédemment présentés, suivie d’une analyse de leurs
implications potentielles et des futures perspectives de recherche dans le domaine de la
virologie planctonique.

Mots clés

Virioplankton, coccolithovirus, coccolithophore, Emiliania huxleyi, transfer horizontal de
genes.
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Avant propos...

Marine virology is a recent field of research that has been gaining an increasingly
important role in science during these past two decades. Modern optical, cell cytometry, and
molecular biological techniques allowed the discovery of an immense unknown world of
marine viruses, which is now considered the most abundant and diverse biological realm,
representing by far the largest reservoir of genetic variability on Earth. Moreover, this viral
existence is far from being innocuous for “cellular” life. Viruses have a significant impact in
their hosts dynamics, particularly in the oceans, where viruses are amongst the major causes
of microbial death. However, and although the influence of viruses on marine geochemical
cycles (via the regulation of host populations), and cellular evolution (via lateral gene
transfer), is starting to be recognized, we are still in an embryonic state regarding the
comprehension of viral function in the oceans, and the amplitude of their impact in the
evolution of life.

The few models of isolated microalgae viruses currently available have assumed major
prominence along the path to understand the nature of the host/virus interactions occurring in
the oceans, and the impact viruses have on the development of microbial life. Presenting
unexpectedly large genome, a particular group of nuclear-cytoplasmic large DNA viruses
(NCLDVs) has been recurrently found to infect different microalgae species. These viruses
have been classified under a common family, the Phycodnaviridae. Numerous studies have
now demonstrated that these viruses have a very important impact in the development of their
host population dynamics.

Emiliania huxleyi virus (EhV) is a giant virus that belongs to the family of
Phycodnaviruses. It has the capacity to infect Emiliania huxleyi, the most abundant
coccolithophore in today’s oceans. When the conditions are suitable, these microalgae have a
rare and extraordinary capacity to form extensive oceanic blooms. By the end of the E.
huxleyi blooms, very high concentrations of EhVs are found in the waters, and we now know
that these viruses are the major cause for the termination of the bloom.

In the present work we will describe a series of approaches, conducted during a three
year PhD programme, with the major aim of unveiling unknown functional genomic features
of these viruses, and better understand their strategy of infection. One of the central topics
here debated will be horizontal gene transfer (HGT) between viruses and their hosts. In that
regard, the analysis will mostly focus on the particularly interesting and also unique viral de

novo sphingolipid biosynthesis pathway present in the EhV genome. Origin and utilization of
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these genes will be analysed in the light of an ecological but also evolutionary perspectives.
Further on, new wide host and virus transcriptomic approaches, involving microarray
techniques, will be presented. The potential novelties regarding gene use during EhV
infection and consequent implications on the mechanisms of infection will be discussed.

We hope that the findings presented in this PhD thesis reveal consistency and may be
a seed for future research. Above all, we nourish the will that they constitute a useful grain of

sand in the unending construction of the pyramid of knowledge...



Chapter 1.

Introduction

1. Virus - life’s lubricant

Nowadays the presence of viruses in all ecosysiefiudly recognized by the scientific
community. Curiously though, while the viral baginction as mortality agents for their host
populations is generally accepted (but still nadenstood in its full extent), few biologists so
far realize the immense role viruses assume reggldife’s meanders. The majority of
known viruses are persistent and not pathogenioick, Easton, and Leppard, 2007;
Mindell and Villarreal, 2003; Villarreal, 2005), ¢l have their own ancient evolutionary
history, possibly dating to the very origins ofla&r life (Forterre, 2006a; Forterre, 2006b),
and they represent by far the largest reservogreoietic information in the Earth’s biosphere
(Suttle, 2005a).

Evolutionary biology has generally failed to coreidhe contribution that viruses have
made to the evolution of life. Some of the reasameshistorical, but mainly this is due to the
view that viruses do not represent living entiaesl thus cannot be significant components of
or contributors to the tree of life (Moreira andpez-Garcia, 2009). This controversy only
serves to avoid the real issue. Regardless of pgusition in the tree of life viruses have an
enormous impact on the evolution and ecology oir thests. Modern evolutionary biology
should acknowledge that viruses are ancient bioddiorms, their numbers are vast, and
their role in the fabric of life is fundamental.

The subject of this thesis regards the study @felddNA viruses that infect a group of
phytoplanktonic eukaryotic organisms, the coccolptiores. Hence during the course of this
Introduction we will mostly focus on the differeaspects related to the Phycodnaviruses,
from both an ecological and evolutionary perspestivCyanophages will also be mentioned
for their host’s are also unicellular photoautotre@nd inhabit the same niche as eukaryotic
phytoplankton. It is worth noting that, despiteasog the ambit of this introduction, to date
many other viruses have already been identifiecclwimfect such different marine organisms
as heterotrophic bacteria (Breitbart, Middelboed &ohwer, 2008), cnidaria (Wilson et al.,
2005a), molluscs (Renault and Novoa, 2004), cresia (Sukhumsirichart et al., 2002), fish
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(Essbauer and Ahne, 2001), turtles (Greenblati.e2@05), and of course mammals (Van

Bressem, Van Waerebeek, and Raga, 1999).

1.1. Virus — a definition

In its most simple form a virus (from the Latin wsr meaningoxin or poisor) can be
defined as a microscopic non-cellular infectiougamism, possessing a structure consisting of
a core of DNA or RNA surrounded by a protein ctlaat requires a living cell to replicate.
Viruses can occur in four basic combinations (®ngffanded (ss) or double stranded (ds),
RNA or DNA viruses). They infect organisms from kihgdoms of life: eukarya, bacteria
and archaea (Koonin, Senkevich, and Dolja, 2006 durrent virus database contains about
4000 viral species, corresponding to about 30.0@0svstrains and subtypes (Dimmock,
Easton, and Leppard, 2007). Analysis of the curoatiection suggests that sSRNA viruses
are the most diverse types, followed by dsDNA \wgjsdsRNA viruses, and finally ssSDNA
viruses (Villarreal, 2005). The real overall diviegsof viruses is however hard to estimate
since so many have not yet been characterized. dtso highly likely to be biased due to
sampling limitations, as scientists have histoljcébcused their studies on the viruses of
Escherichia colihumans, and domesticated animals and plantstivdyaunstudied habitats
are still known to exist. These are anticipatedhtve populations of virus types not
discovered so far. The clearest example of thepieecy of our knowledge regards marine
viruses. Recent estimates point to an outstandimgber of 16° virus existing in the oceans
(Suttle, 2005b), from which the vast majority stithit discovery and classification (Suttle,
2005a) (see below for developments).

The fact that all viruses share a basic overallctlire — a protein coat enclosing a
nucleoprotein filament — suggests, at the verytJeascommon mechanism for their
appearance. However this remains an enigmatic amdraversial subject. Three main
hypothesis have been proposed to explain virairorid) they are relics of pre-cellular life
forms (Prangishvili, Stedman, and Zillig, 2001);) (dey are derived by reduction from
unicellular organisms (via parasitic-driven evadafi (Bandea, 1983; Forterre, 2003); (3) they
originated from fragments of genetic material thataped the control of the cell and became
parasitic (Hendrix et al., 2000). The most recemidies suggest that RNA viruses are
probably the most ancient, having originated in thecleoprotein world by escape or

reduction from RNA cells (Makeyev and Grimes, 200giner and Maizels, 1994).
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Regarding DNA viruses, it is believed that they arere recent, and (at least some of them)
might have originated from RNA viruses (ForterreQ0@a, and references therein;
Gorbalenya, Koonin, and Wolf, 1990). Independenfiyheir origin, more and more studies
attribute to viruses major roles in fundamentalletronary questions as diverse as the origin
of DNA, the origin of the three modern cellular dains, the origin of the eukaryotic nucleus,
or the evolution of mitochondria and chloroplasts (eviews check Claverie, 2006; Forterre,
20064a; Villarreal, 2005).

1.2. Plankton Viruses — abundance and host mortality

“The concentration of bacteriophages in natural dhyted waters is in general
believed to be low, and they have therefore beasidered ecologically unimportant. Using
a new method for quantitative enumeration, we Hauad up to 2.5x1dvirus particles per
millilitre in natural waters. These concentratiomsdicate that virus infection may be an
important factor in the ecological control of plankic micro-organisms, and that viruses
might mediate genetic exchange among bacteria taranhaquatic environments.(from
Bergh et al., 1989).

When, some twenty years ago, Bergh and his colesagesumed their newest
discovery in the paragraph transcribed above, fewldv have predicted that high viral
abundances in seawater would gain such a profoofidence on our understanding of
biological oceanographic processes, evolution argbclgemical cycling. A recent
extraordinary extrapolation of those numbers, wh#tes into account the average amount of
viruses (3x1® per 1) and the total volume of the oceans (1.3%per I), predicts that the
ocean waters can contain around®A@ruses (Suttle, 2005b). This implies that, aftacteria,
viruses represent the second largest carbon rasertbe planet.

Numerous studies have demonstrated that in thenedba composition and abundance
of the viral community is directly related to the/némics of the microbial plankton
(comprising hetero and auto trophic bacteria anatigis) (for extensive reviews check
Breitbart et al., 2007; Fuhrman, 1999; Suttle, 200Guttle, 2005b; Wommack and Colwell,
2000). In general virioplankton abundance varigb wepth (Hara et al., 1996), along trophic
gradients (Noble and Fuhrman, 2000), and duringdgrse of phytoplankton blooming
events (Brussaard et al., 2004b; Castberg etG2)2
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The majority of the virioplankton consists of bamphages, and their abundance (on
average around 1b1™?) follows the same general pattern as bacteria ghtger, Bird, and
Juniper, 1994; Wommack et al., 1992). This clainsupported by observations such as the
ability of changes in bacterial abundance to ptecl@anges in viral abundance (Hara et al.,
1996), the greater abundance of bacteria overfadther planktonic hosts (Boehme et al.,
1993), and the predominance of viruses within theoplankton with bacteriophage-sized
genomes (Wommack et al., 1999). Moreover, phagesstimated to be responsible for about
10-50% of the total bacterial mortality in surfagaters (Fuhrman and Noble, 1995; Steward,
Smith, and Azam, 1996; Suttle, 1994; Weinbauet.e1895).

The data relating to the abundance and impact kérgatic phytoplankton viruses
(herein referred as algal viruses) is not as ewtenss for marine bacteriophages.
Nevertheless, evidence is also accumulating thrat@s assume a clear role in the control of
eukaryotic phytoplankton dynamics. Algal virusesvédhanow been isolated from many
geographic locations, including both freshwater aratine environments, and ranging from
oligotrophic to eutrophic ecosystems, and evennsendtis (Brussaard et al., 2004b; Castberg
et al., 2002; Cottrell and Suttle, 1991; Jacob8eatbak, and Heldal, 1996; Lawrence, Chan,
and Suttle, 2001; Nagasaki and Yamaguchi, 1997d&aret al., 2001; Suttle and Chan,
1995). Most of the algal-virus systems in culturday correspond to large double stranded
DNA viruses, which belong to the Phycodnaviridaer @n extensive review check Brussaard,
2004a). Although not as numerous yet as their DAnterparts, RNA algal viruses have
also been isolated and described (Tai et al., Z0081aru et al., 2004).

The Phycodnaviridae are a diverse group of virusestheir common ancestry is clear
at the molecular level. Since the discovery that@NA pol gene is highly conserved within
this group, it became possible to design PCR pasrtteait theoretically cover the majority of
the phycodnaviruses (Short and Suttle, 1999). Udimgse tools several studies have
demonstrated the wide distribution of the Phycodhdae in all studied aquatic environments
(Clasen and Suttle, 2009; Short and Suttle, 208@rt%nd Suttle, 2003). More recently, new
metagenomic data have corroborated those resultsi@v] Claverie, and Ogata, 2008;
Monier et al., 2008).

Algal viruses have often been associated with éneihation of phytoplankton blooms
(Bratbak, Egge, and Heldal, 1993; Brussaard etl@P6b; Castberg et al., 2001; Jacquet et
al., 2002; Nagasaki et al., 1994), however thergrowing evidence that, by limiting host
population size, these viruses can also play afgignt role in preventing the development of
bloom events (Larsen et al., 2001; Suttle and CH#94; Tomaru et al., 2007). A
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considerable decrease in photosynthetic rate wamlgtrated by researchers adding natural
virus concentrates to algal populations, suggeshiegpotential for a reciprocal viral control
of global primary productivity (Suttle, 1992; SettiChan, and Cottrell, 1990). Reports of
viral lysis rates of phytoplankton in the field as@ll limited. There is evidence though that
viral lysis is responsible for massive cell motialrates up to 0.3, particularly during the
decline of algal blooms (Brussaard et al., 1996ajs&aard et al., 1995), but also in
oligotrophic ecosystems (Agusti and Duarte, 200§u%ti and Sanchez, 2002).

1.3. Virioplankton as catalysts of global nutrient cycles

Viruses are constantly and actively influencing thaine microbial loop (Azam et al.,
1994). Lytic infection of the primary producers gerts cells into viruses plus cellular debris.
This debris is made up of dissolved molecules (mmers, oligomers and polymers) plus
colloids and cell fragments (Shibata et al., 1997)st of which is operationally defined as
dissolved and particulate organic matter (P-D-OMpst or all of the lysis products, which
contain substantial amounts of major nutrientsNCP) and trace nutrients (e.g. Fe), will
eventually become available to bacteria (Bratbakl.etLl990; Gobler et al., 1997; Middelboe
et al., 2003; Poorvin et al., 2004; Proctor andrfan, 1990). This will provoke an increase
in bacterial production and respiration, and redpiagist and animal production, an effect
called the Viral shunt (Fig. 1). This sequestration of materials in ges, bacteria and
dissolved matter may lead to better retention dfiewts in the euphotic zone in virus-
infected systems, because more material remaissmail non-sinking forms (Shibata et al.,
1997). On the other hand reduced viral activity magult in more material in larger
organisms, which either sink themselves or as tdsfritransporting carbon and inorganic

nutrients from the euphotic zone to the deep sehr(fan, 1999; Suttle, 2005b).
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Figure 1. The ‘viral shunt”. Energy, in the form of fixed carbon, is providedthe marine environment via
photosynthesis by the primary producers. The fixadbon, or photosynthate, supports new biomass and
respiration of the primary producers. In turn, gvémary producers are consumed by grazers (copefiss
etc.), who are eaten by bigger predators. A sigaifi amount of photosynthate is also releasedréisydate and
dissolved organic matter (P-D-OM), which suppossehotrophic microbial growth (both bacteria anchaea).
The viruses and protists Kill similar proportiorfsttee microbes, and the lysed cells then join tHe-BM pool,
which feeds more heterotrophic microbes. The rasuthore carbon respired, thereby increasing thphic

transfer efficiency of nutrients and energy throtigdh marine foodweltAdapted from Suttle (20D5

1.4. Viral influence in phytoplankton community composition

It is evident, from their effect on algal bloomslaryanobacteria, that viruses are also in
a unique position to influence community speciesposition. Even if viruses were to cause
only a small proportion of the mortality of a groop organisms, they could still have a
profound effect on the relative proportions of éiint species or strains in the community
(Hennes, Suttle, and Chan, 1995; Waterbury and i¥alb993). Considering that viral
infection is density dependent and that the mgjaitmarine viruses appear to have narrow

host specificity, then a particular species oristbeecomes more susceptible to infection as its
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density increases. This may help explaining Huhimrs ‘paradox of planktohon the
coexistence of unexpected phytoplankton diverdityt¢hinson, 1961). Competition theory
would predict just one or a few competitive winndrewever viral activity probably assists
because the competitive dominants become partigidasceptible to infection, whereas rare
species are relatively protected (Fuhrman and &ut®93). With this Killing the winnet
strategy (Thingstad, 2000) viruses become a drifemge for community composition and
succession, both at the interspecific (Brussaaml.eR005; Castberg et al., 2001; Larsen et
al., 2001) and intraspecific (Martinez-Martinezagt 2006; Muhling et al., 2005; Tarutani,

Nagasaki, and Yamaguchi, 2000) levels.

1.5. Viruses and genetic exchange

Virus-host interaction is often promiscuous atgeectic level, a situation that creates a
different opportunity for marine viruses to affggtnetic exchange in the oceanic realm. This
can happen between virus and cellular organismedfdhosts or not), and among different
viruses (especially in situations of co-infectionlRecognizing the magnitude and
characteristics of horizontal gene transfers (HG@T)the oceans is important from an
ecological point of view, and in our case espegiatiportant when trying to incorporate viral
impact factors in models that try predict phytokam dynamics.

HGT can happen during the course of both lysogamd Iytic viral infections. A
persistent virus has its genome incorporated irgm®me of its host “waiting” for stimulus
that will trigger a lytic infection. At that momenew virions are formed and passed onto new
host cells. To present date, and to the authorsMedge, plankton viruses with lysogenic
strategies have only been documented in marine gshabhe occurrence of lysogeny in
freshwater filamentous cyanobacteria has been krfowmore than 35 years (Padan, Shilo,
and Oppenhei.Ab, 1972), but only now are we startthnunderstand the real magnitude of
this phenomenon. The generalized occurrence of&rsp involving marine phages has been
extensively documented (Jiang and Paul, 1996; AadgPaul, 1998a; Jiang and Paul, 1998b;
McDaniel, delaRosa, and Paul, 2006; Weinbauer anttleS 1996; Weinbauer and Suttle,
1999). Recent estimates point to roughly half ofrinea bacterial isolates containing
prophages (Paul, 2008).

HGT can also occur between virus and host in thaseoof lytic infections. Such

situations are usually denounced by close phyldgendentity between host and virus
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homologous genes, confirming that either the veuséole” the genes from its host, or vice-
versa. Evidence for this type of “direct” HGT ischening more and more abundant with the
progressive sequencing of genomes belonging tonmasrganisms and their respective
viruses. As for lysogeny, it was with phages arartprokaryote hosts that the first evidence
started to appear. One of the clearest and masesting examples regards the cyanophages
and their photosynthesis genes. Cyanophages itiiectabundant cyanobacterial genera,
Synechococcuand Prochlorococcus Sequencing of these viral genomes showed that the
commonly carry genes involved in photosynthesiandkll et al., 2004; Mann et al., 2005;
Millard et al., 2004). These genes include the lghit-inducible qli) gene, as well agsbA
and psbD which encode the photosystem Il (PSII) core iieaetentre proteins D1 and D2,
respectively (Sullivan et al., 2005; Sullivan et, &006). The D1 protein is of particular
interest because it is the most labile protein $ilRnd the most likely to be rate limiting.
During the lytic cycle, most of the host’s tranption and translation is shut down by phage,
which replaces like for like function with its owrnrally encoded proteins. Because phage
must maintain the proton motive force if they apelyse the host, they need to prolong
photosynthesis during the infection cycle. Thug tdyanophage-encoded D1 proteins are
expressed during the infection cycle, countering Wrally induced decline in host gene
expression (Clokie et al., 2006; Lindell et al.02R It is thought that by encodimgbAand
other genes involved in photosynthesis, phagespukatie their host systems to generate the
energy necessary for viral production. Still congag cyanophages Sullivan and co-workers
(2005) have also demonstrated the presence ofdmtaaé family genetdIC), that could
facilitate alternative routes of carbon metabolidutring infection; and phosphate-inducible
genes hoH and pstg, that are likely to be important for phage andthoesponses to
phosphate stress, a commonly limiting nutrient arime systems.

Regarding eukaryotic phytoplankton, examples oedirHGT are also starting to
appear. Sequencing of the nucleo-cytoplasmic I&gé virus (NCLDV) Emiliania huxleyi
Virus (EhV) revealed the presence of some unexdegt@es. The most striking example is a
unique sphingolipid biosynthesis pathway (SBP) 6l et al., 2005b), which was later
concluded to be imported from its h&sniliania huxleyi(Monier et al., 2009). Sphingolipids
are membrane lipids present in all eukaryotes anukesprokaryotes. The SBP can ultimately
lead to the production of ceramide, a central mdieoften involved in signal transduction
and control of cell death, namely apoptosis medmasi(Hannun, 1996; Hannun and Obeid,
1995; Hannun and Obeid, 2002; Pettus, ChalfantHardhun, 2002). Other examples of viral

control of host apoptosis have already been doctede(McLean et al., 2008; Roulston,
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Marcellus, and Branton, 1999). When the new vilBPSwvas discovered hypotheses were
immediately drawn on the possibility of EhV usitg @wn virally encoded SBP to control the
death of its host. An important part of this thesaks focused precisely on trying to explain
the origin and function of this EhV metabolic patdww

Growing evidence of HGT events involving virusesl aellular organisms other than
their direct hosts, so called indirect transfergls accumulating. The most notable examples
regard bacterial-like genes present in protist medazoan viruses (Dunigan, Fitzgerald, and
Van Etten, 2006; lyer et al., 2006; Suzan-Monti, $eola, and Raoult, 2006). Possible
explanations for the mechanisms involving this tgbgenetic transfer are still rudimentary.
A recent study from Fillée et al. (2008) has preddome clues. Partial results suggest that
indirect HGT seems to be more frequent in viruseesg eukaryotic hosts graze on bacteria.
Chlorellaand Mimivirus (whose hosts feed on bacteria), Bh®f and EsV (which infect free
leaving microalgae that do not graze on bactetmwsmarked variation in bacterial-like
genes. While there is a general increase in battgane number with genome size, the
strongest dichotomy appears between @hdorella Phycodnaviruses and Mimivirus, which
are considerably enriched for bacterial genespmtrast to Phycodnaviruses EhV86 and EsV-
1 which are not. Moreover, very few mobile genetements (MGE) of bacterial origin could
be found in these latter two algal viruses (Fileuget, and Chandler, 2008).

The development of new metagenomic sequencing itpoes has brought the study of
HGT to a new level. A considerable portion of tlengs present in the viromes analysed so
far share very close homology with genes foundaih leukaryotic and prokaryotic databases.
A metagenomic study of 9 biomes, in which 42 didtimiromes were characterized, found
that all the functional diversity present in thecrobial metagenomes was also present in the
viromes (Dinsdale et al., 2008). A striking examplas the totally unexpected discovery of
motility related genes present in the viromesldodecame clear that the acquisition of these
proteins by the viral community was not random. Egample, in the viromes, flagellar
biosynthesis proteirlhA, the chemotaxis response regulator prot€hsAand CheB and
deacylases were overrepresented when comparedit@thsence in the microbial genomes.
In another study Sharon et al. (2007) reported tipato 60% of thggsbAgenes in surface
water are of phage origin. Moreover, phage genese vahown to be undergoing an
independent selection for distinbtl proteins, and also different virpsbAgenes are being
expressed in the environment. Recently, it was detnated that photosystem 1 gene
cassettes are also present in cyanophage genoma®rit al., 2009). Regarding eukaryotic

hosts Monier et al. (2007) analysed a large datafskearge Eukaryotic DNA Virus genomes
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and reported the presence of many genes putatasdpciated with the control of host
defence systems, such as innate/adaptive immutensy®r apoptosis pathways.

All this evidence adds further credence to the ithest viral communities represent
reservoirs of genetic diversity, with viruses theiass serving as potential vectors of genetic
information among host communities and ecosysté@3T are rather rare events on an
individual scale, but analysed on a global planetaale this phenomenon assumes a totally
different magnitude. Fuhrman (1999) proposed arrosee to infer global oceanic HGT
frequency involving marine bacteria. Considering tireat abundance of potential cellular
hosts (typical bacterial abundances, for exampkeaeound 1dI™ in the euphotic zone) and
huge volume of the sea (~3.6¥1@m° in the top 100 m), coupled with generation times o
the order of a day, implies that an event with ebpbility has low as It per generation
would be occurring about a million times per day.

On the other hand the relevance of HGT betweersvamnd their hosts is also under
scrutiny from an evolutionary perspective. As maméd previously, the origin of viruses and
cells has been under intense debate, especiadliytatt discovery of large DNA viruses such
as the EhV or the Mimivirus. One hypothesis progog®t these viruses represent ancient
cellular forms that gained viral form by progressioss of genes (Claverie, 2006; Suzan-
Monti, La Scola, and Raoult, 2006). Along similarels of thought hypotheses have been
drawn that viruses may have appeared before threratégn of the current cellular domains,
and consequently influenced the entire evolutionlifef as we know it (Forterre, 2006a;
Forterre, 2006b; Forterre and Gadelle, 2009; Ha&ndA99). Other authors propose that large
DNA viruses are the result of a tendency to indistrately acquire genes from all different
“horizontal” sources (direct hosts or not) (KoonR)05; Moreira and Brochier-Armanet,
2008; Moreira and Lopez-Garcia, 2005). On the @gtaccording to Monier et al (2007)
despite the fact that HGT events play a significasié in the dynamics of gene transfer
between the different reservoirs of genetic ditgrsi the oceans, such events still account
for only a minority of the gene composition foumdmost viruses. This observation suggests
that the extremely large sizes of the genomes afiestarge viruses (for example the
Mimivirus) are not due to recent accretion of fgregenes. By extrapolation, the capacity to
capture foreign genes is unlikely to be the maptdr that determines the tremendous
variation in genome size for DNA viruses (Clavesial., 2006).

Clearly viral HGT, its magnitude and impacts, remai very hot topic in today’'s
virology. The recognition of HGT events is highlggendent on the capacity of recognizing

homologies between potentially phylogeneticaly el@NA sequences. To that extent we
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must not forget that the great majority of the gepeesent in NCLDV genomes, or in the
viral metagenomic databases, remain of unknowntimmajiven their dissimilarity with the
actual characterized genetic diversity (for exangde Raoult et al., 2004; Wilson et al.,
2005b). This situation can be the result of a \@dyorigin and/or rapid parallel evolution of
viral genes. Hence, even if for a few genes théaidity of correctly identifying HGT events
is high, the reality is that on the whole it rengtfficult to determine the extent of HGT

events in these large viral genomes.

2. Phycodnaviridae

The phycodnaviruses are a family of large dsDNAsés that infect a very diverse group
of aquatic eukaryotic organisms. The phycodnavsuselated and characterized so far infect
different protist lineages comprising green aldastophytes, and stramenopiles, as well as
multicellular organisms belonging to the brown algaoup. They are generally very large
viruses that contain also some of the largest vgahomes ever found. Among the
phycodnaviruses we find Emiliania huxleyi Virus, ialihhas been the central object of study

throughout this thesis.

2.1. Taxonomy and distribution

The phycodnavirus group comprise a geneticallyrdw€Dunigan, Fitzgerald, and Van
Etten, 2006; lyer et al., 2006), yet morphologigaiimilar, family of large icosahedral viruses
that infect marine or freshwater eukaryotic orgarsis Their big dsDNA genomes can range
from 180 kb to 560 kb (Van Etten et al., 2002). present date members of the
Phycodnaviridae are grouped into six genera (naafezt the hosts groups they infect):
Chlorovirus Coccolithovirus Prasinovirus Prymnesiovirus Phaeovirus and Raphidovirus
(Table 1). We should also mention here the mims/gwup. These are huge dsDNA viruses
(genome reaching up to 1.2 Mb) that, so far, haenlfound to infect amoeba (Raoult et al.,
2004). Even if their potential hosts are not algaenulating evidence indicates that they
occupy a phylogenetic position within the phycodndae (Larsen et al., 2008; Monier et
al., 2008; Wu et al., 2009). From herein in thisttall mentions to phycodnaviruses should

be regarded as that wider group that includestaksonimivirus.
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Phycodnaviruses are widely distributed in naturieaNisolates have been obtained from
eutrophic and oligotrophic water masses, and eediments (Castberg et al., 2002; Cottrell
and Suttle, 1991; Jacobsen, Bratbak, and Held&6;1Bawrence, Chan, and Suttle, 2001;
Nagasaki and Yamaguchi, 1997; Sandaa et al., ZD@tle and Chan, 1995). These probably
represent only a tiny fraction of the enormous diitg of the existing phycodnaviruses. Other
culture independent techniques have allowed a gkmipto the magnitude of their variability
and dispersion. Given their large size phycodnaesucan be identified and quantified using
flow cytometric techniques (Brussaard, 2004b). ®laand colleagues (Marie et al., 1999)
recurred to such techniques to show that a cledidiinct group of phycodnaviruses was
always present in sea water samples from mesotrdphbugh oligotrophic environments.
Moreover, genetic fingerprints based on polymerabain reaction (PCR), denaturing
gradient gel electrophoresis (DGGE), and metagemorsequencing reveal that
phycodnaviruses are very diverse and a regular oaem of all aquatic environments (Chen
and Suttle, 1995; Chen, Suttle, and Short, 1996sdraet al., 2008; Monier, Claverie, and
Ogata, 2008; Short and Suttle, 2002; Short ande52@03).

Table 1. Taxonomy and characteristics of some phycodnaesus

Genus Type specie Host Source Particle Genome size (kbp) anc Latent Burst
Species / group diameter (nm) conformation period (h) | size
Chlorovirus Paramecium bursaria ChlorellaNC64A FW 19C 315-37C 6-8 20C-
chlorella virus (PBCV-1) (Green algae) Closed linear dsDNA, 350
hairpin termini
Prymnesiovirus | Chrysochomulina Chrysochomulina sp.| MW 12C-16C 48E-51C 12-19 40(-
brevifilumvirus PW1 (Haptophytes) 4100
(CbV-PW1)

Phaeocystis pouchetii virug

Prasinovirus Micromonas pusilkairus Micromonas sp. MW 11E-20C 20C-56C 7-14 20C-
SP1 (MpV-SP1) Pyraminomonas sp. 1000
Ostreococcus taumirus 5 Ostreococcus tauri 113-131 186-192 8-12 25
(OtV-5) (Green algae)

Phaeovirus Ectocarpus siliculosus Ectocarpus MW 13C-20C 16C-34C ND >1.1C
virus 1 (EsV-1) siliculosus Open linear, single

(Brown algae) stranded regions

Coccolithovirus |  Emiliania huxleyiirus 86 Emiliania huxleyi MW 16C-20C 407-41E 4-6 40(-
(EhV-86) (Haptophytes) Circular 1000

Raphidovirus Heterosigma akashiwo Heterosigma MW 20z 294 3C-33 77C
virus 01 (HaV-01) akashiwo

(Stramenopiles)

FW, fresh water; MW, marine/coastal water; ND, determined.
& Data from Dunigarmt al. (2006), Derellest al. (2008), Weynberegt al. (2009).
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2.2. Phylogeny and evolution

To date several phycodnavirus genomes have beerplembly sequenced. They
correspond to representatives of the gewttarovirus (Zhang et al., 1994xo0ccolithovirus
(Wilson et al., 2005h) phaeovirus (Delaroque et al., 2001; Schroeder et al., 2009),
prasinovirus(Derelle et al., 2008; Weynberg et al., 2009), amahivirus (Raoult et al., 2004).
Evolutionary analysis of their genomes places tigtnin a major, monophyletic assemblage
of large eukaryotic dsDNA viruses termed the Nuddoplasmic Large DNA Viruses
(NCLDVSs) (Fig. 2) (Allen et al., 2006c; Derelle @t, 2008; lyer, Aravind, and Koonin, 2001;
lyer et al., 2006; Raoult et al., 2004). Five faeslare currently attributed to the NCLDVs
clade, including Poxviridae, Iridoviridae, Asfandae, Phycodnaviridae. The inclusion of the
phycodnaviruses within the NCLDVs is significant,f@as the name suggests, it implies a
likely propagation mechanism where replication wiounhitiate in the nucleus, and be
completed in the cytoplasm (lyer et al., 2006; Riaeual., 2004; Villarreal and DeFilippis,
2000). A total of nine gene products are preserdllifNCLDVs identified to date, and 33
more gene products are present in at least twheset five viral families (lyer, Aravind, and
Koonin, 2001; Raoult et al., 2004). Phylogeny oé tNCLDVs constructed by cladistic
analysis indicates that the major families may hdwerged prior to the divergence of the
major eukaryotic lineages 1-2 billion years agoe(let al., 2006; Raoult et al., 2004).
Regarding the Phycodnaviridae, the finding thay d4 genes (from a pool of approximately
1000 genes) are shared between three genomes fifierertt genera dhlorovirus
coccolithovirusandphaeoviru3 supports the idea that these groups also diveagedg time
ago (Allen et al., 2006c¢).
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Figure 2. Phycodnavirus occupy a phylogenetic clade withia NCLDVs. Tree based on a distance matrix
algorithm between the concatenated conserved denieam A18-like helicase, D6R-like helicase, A3Reli
ATPase, D5-like ATPase, DNA polymerase, thiol-oxeftuctase, and the two largest RNA polymerase stsbun
from members of the NCLDV group (Neighbor, in PHYLVersion 3.6b). Numbers at nodes indicate bogistra
values retrieved from 100 replicates for both teéghbour-joining and parsimony analyses. The baiatie 1
base substitution per 10 amino acids. Viruses deduare(cont.) African swine fever virus (AFSV)Amsacta
mooreientomopoxvirus (AMEV)Melanoplus sanguinipesntomopoxvirus (MSEV), bovine papular stomatitis
virus (BPSV), fowlpox virus (FWPV), sheeppox virSPPX), swinepox virus (SWPV), vaccinia virus
(VACV), Molluscum contagiosumirus (MOCV), myxoma virus (MYXV), Yaba monkey tumvirus (YMTV),
Paramecium bursariahlorella virus 1 (PBCV-1), Ectocarpus siliculosus virus BS¥/-1), Emiliania huxleyi
virus 86 (EhV-86), frog virus 3 (FV3), invertebratédescent virus 6 (l1IV6),Regina ranavirus(RRV),
lymphocystis disease virus 1 (LCDV) and mimivirAslapted from Allen et al. (2006c)

The phylogenetic relations within the Phycodnawaedare far from being conclusive
(Allen et al., 2006c; 2008; Larsen et al., 200&)e generahlorovirus prymnesiovirusand
phaeovirusseem to correlate in accordance to their host'glogleny. Yet, the genera
coccolithovirus and phaeovirusseem to have a more ancient divergence (Fig. B T
formation of the genusoccolithovirushas brought some confusion to the phycodnavirus
taxonomy. Coccolithovirus infect Emiliania huxleyi (an alga species in the class
Prymnesiophyceae), and hence it was expected liegt dccupy a phylogenetic position

within the prymnesioviruggroup. However, phylogenetic analysis of the Maj@psid protein
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gene from these viruses has indicated they beloragdistinct genus (Schroeder et al., 2002,
see Fig. 3).

It should also be noted that, as mentioned abogeti¢gm 1.2. Plankton Viruses —
abundance and host mortality) not all viruses thigict eukaryotic phytoplankton belong to
the phycodnavirus family. Indeed, other types ofises that infect algae are being discovered
and characterized (e.g., SSRNA, dsRNA, and ssDN#Ataioing viruses) (Brussaard et al.,
2004a; Tai et al., 2003; Tomaru et al., 2004).
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Figure 3. Phylogenetic inference using the complete pragemuence of the major capsid protein from eighteen
members of the Phycodnaviridae family. Numbersoatess indicate bootstrap values retrieved from rimgh

joining analysis using 1000 replicates. The trees w@oted using the two sequences of Frog Virus @ an
Lymphocystis Disease Virus 1 of the Iridoviridaemfly. The scale bar indicates number of amino acid

substitutions per residuddapted from Larsen et al. (2008)
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2.3. Propagation strategies

The study of phycodnaviruses is still in its infgnthus hitherto we do not know much
about their propagation strategies. These virusesgss very large genomes that encode for a
wide panoply of genes. This potentially confers q@gnaviruses a relatively high degree of
independence from their host’s cellular machindige infection strategies used by these
viruses appear to be quite diverse. We give hdyged description of what is known about
the replication strategies of two phycodnavirusks, Chlorovirus and the Phaeovirus. Data
on the replication strategy of the coccolithoviwi be presented in detail i@hapter 2.

Phaeoviruses are lysogenic and only infect fresasmng, wall-less gametes of their
filamentous brown algae hodtstocarpus siliculosuandE. fasciculatugMuller, Kapp, and
Knippers, 1998; Muller et al., 1996). Following iein attachment the genetic material
immediately moves to the nucleus to be incorporatethe host's genome (Maier, Miller,
and Katsaros, 2002). The viral genome is then caf@d and transmitted from cell to cell
during mitosis in the host vegetative cells (Detp® et al., 1999). Once the host becomes
sexually mature and produces reproductive cells, tthnscription of the viral genome is
integrated with subsequent production of viral a@gpand release of newly formed infectious
virions from the cells.

Chloroviruses infect freshwater unicellular greaigae from the genu€hlorella
(Wilson, Van Etten, and Allen, 2009). Virion attacént to the cell provokes the degradation
of the cell wall, followed by release of the viggnetic material (DNA and virion-associated
proteins) into the host, and a rapid depolarizatibthe cell membrane (Frohns et al., 2006).
The viral genetic material is then within 5-10 mitsnsferred into the cell nucleus where
early transcription starts. The early mRNAs arentheansported to the cytoplasm for
translation, and the early proteins presumably rretto the nucleus to initiate DNA
replication, which begins 60-90 min post infectidallowed by late gene transcription
(Schuster et al., 1986). Late mRNAs are transpoethe cytoplasm for translation, and
many of these late proteins are targeted to thes\assembly centers, in the cytoplasm, where
virus capsids are formed (Meints, Lee, and VanrEti®86). Six to eight hours after infection
the algal cell membrane and wall lyse, allowingrilease of around 300 viral particles, from

which only 30% (approximately) are infectious (Matten et al., 1983).
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3. Coccolithophores

Coccolithophores are unicellular chlorophyll a €antaining eukaryotes that belong to
the Phylum Haptophyta (Fig. 4), and more partidular the Class Prymnesiophyceae. They
occur as solitary free-living motile cells possagsitwo smooth flagella. Although the
Haptophyta are distinguished by the presence ofigue organelle called llptonemgfrom
the Greekhapsis- touch, this organ is superficially similar talagellum but differs in the
arrangement of its microtubules and in its use dmey capture or attachment), in many
coccolithophores it is reduced to a vestigial gtreee
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Figure 4. The haptophytes in the eukaryote tree of life. free shown is a consensus phylogeny of eukaryotes

based on a combination of molecular phylogenetitdtrastructural dataodified from Baldauf (2003).

The namecoccolithophorerelates to the extraordinary capacity these osgasihave to
internally produce calcareous scales, the cocslitiat they extrude and deposit around the
cell. The term coccolith (literally meaningund stoneswas coined by Huxley in 1858
(1858). Wallich (1877) described for the first tirtie association between coccoliths and the
cells producing them: the coccolithophores. Cotlesliare believed to have their origin in
pre-existing organic scales which are very commmorag Prymnesiophytes (de Vargas et al.,

2007; Leadbeater, 1994). These organisms use &yarty large and highly polarized
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dictyosome to produce those organic scales (Leaelhyed994; Pienaar, 1994). In
coccolithophores this organelle is not only invalve the synthesis of organic scales as it has
also acquired a particular function: coccolithogese (Billard and Inouye, 2004).
Coccolithogenesis may vary slightly according te tmorphological type of coccolith
produced, but the basic principle is the same incalls: the coccolith is produced
intracellularly (in Golgi-derived compartments),dait is only extruded to the cell surface

(generally close to the flagellar pole) when fudbicified.

3.1. Evolution and life cycle

According to Bown (1987) the first reliable coctblfossil traces back to the Triassic
(~220 My) (Fig. 5). Coccolithophore evolution seaim$iave started in coastal environments,
followed by a clear expansion and colonization led bpen oceans along the Jurassic (de
Vargas et al., 2007). The transition of coccolithogs from coastal water environments to
the deep ocean was a remarkable step in their tamoJuand a crucial event that would
forever transform the Earth’s biogeochemical sysfteme section 3.2).

Molecular data (Saez et al., 2004) as well as studin coccolith biomineralization
homology (Young et al., 1999; Young et al., 1998u¥g, Geisen, and Probert, 2005) support
the idea that coccolithophores form a monophylgade within the Class Prymnesiophyceae.
This means that a common prymnesiophyte ancestoptudably developed the capacity to
control the intracellular precipitation of calcisto pre-existing organic plate scales, and
assembly of mature carbonate scales at the cdéliceu(de Vargas et al., 2007; Leadbeater,
1994). Some living descendents inside the cocaphbre clade (or sometimes stages of their
complex life cycle) have posteriorly lost the capato produce calcareous scales (Billard
and Inouye, 2004; de Vargas and Probert, 2004).céjethe “presence or absence of
coccoliths” cannot be used as unique feature silapotential coccolithophore cells. More
recently, and based on a wide range of haptoph$té &d LSU rDNA sequence data (de
Vargas et al., 2007; Saez et al., 2004), de Vaagaiscolleagues (2007) have proposed the
creation of a new subclass Calcihaptophycidae. Bhismip will comprise all potentially

calcifying haptophytes, which by definition incluedall coccolithophores (Fig. 5).
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Figure 5. Evolutionary history of thecoccolithophores within the haptophyte phylukhajor innovations are
shown along a geological time scale on the lefe sid the figure, and a synthesis of re molecular
phylogenetic data using representative speciebenieven extant haptophyte ordede(Vargas et al. 20! and
Saez et al. 2004) is depicted on the right sideldgical, phylogenetic, and paleontological datadtéo suppo
a scenario according to which the haptophytes hdweadly evolved from coastal oneritic
heterotrophs/mixotroph® oceanic autotrophs since their origination & BroterozoicAdapted from de Varge

et al. (2007).

Fossil studies estimate that throughout their evariucoccolithophorediversified into
>4000 morphological speci (de Vargas et al., 20073ee some examples in Fi¢). This
number is however probably significantly undereatied. Arecent detailed study of sinkit
planktonic assemblagd#andruleit, Rogalla, and Stager, 20 has shown that most of t
morphologicaldiversity is entirely dissolved in the up water column. Among th~280
types of coccosphere (mphospecies) known frc the modern plankton, only 57 epresent
in Holocene sedimen{¥oung, Geisen, and Probert, 2C. Thus, it can k estimated that up

to 70% of the past coolithophorediversity has beearased from the fossil reco
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Figure 6. Morphostructural diversity in extant coccospheassl their coccoliths. This plate illustrates the
astounding calcareous morphostructures observednre modern coccolithophores. (Aglicosphaera carteri
(B) Algirosphaera robusta(C) Coccolithus pelagicys(D) Emiliania huxleyj (E) Florisphaera profunda(F)
Syracosphaera pulchrdG) Scyphosphaera apsteinand (H)Pontosphaera japonicaAdapted from de Vargas
et al. (2007).

Coccolithophores usually reproduce asexually bytyirfission and, following mitotic
division, the coccoliths are redistributed on tlaaighter cells (Billard and Inouye, 2004). Life
cycle of coccolithophores is generally haplodipld@reen, Course, and Tarran, 1996;
Houdan et al., 2003; Larsen and Edvardsen, 1998jovat al., 1994), as occurs in the
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majority of the prymnesiophytes (considered a sgnagphic trait among this group). In a
haplodiploid life cycle both stages, haploid anglaid, are capable of independent asexual
reproduction. This capacity to grow vegetativelglenboth haploid and diploid genomes, and
expressing radically different phenotypes, is feaguamong unicellular eukaryotes. The
haplo-diploid strategy clearly involves fitness tsofor each life stage, and hence it must be
balanced by advantages of evolutionary and/or o significance. De Vargas and
colleagues (2007) suggest that it is likely a stygtto rapidly escape negative selection
pressures exerted on one stage, such as grazingsitpaor virus infection, or abrupt
environmental changes. However, the factors triggeshifts from diploid to haploid stages
(and vice-versa) in coccolithophores have neven lotgarly identified. In that regard a recent
study (Frada et al., 2008) showed that Emeiliania huxleyiVirus (EhV) infects exclusively
the diploid life stage of the speciEsmiliania huxleyi According to the authors this specific
negative selective pressure imposed on the dipil@dstage could be a major evolutionary
force behind the maintenance of a haplodiploid ¢ijele, and eventually be linked to the

origins of sex in evolutionary biology (further ddopments irChapter 2).

3.2. Biogeochemical and ecological roles

As photosynthesizers and calcifying organisms, alitbophores assume a rather
complex and extremely important role on the regoiedf the Earth’s system, mainly in what
regards carbon flux between atmosphere/oceanititteos (Fig. 7). Coccolithophores are
unicellular photosynthetic organisms, and hencegiral part of the oceanic phytoplankton.
Phytoplankton uses light energy to sequester disdotarbon dioxide (C£ and produce
particulate organic carbon (POC), and oxygen).(Qhis so-called photosynthetic process
[CO,+H,O - CHO (POC) + Q] participates to maintain the atmospheric ,CO
concentration 150 to 220 ppmv below what it woulel ib phytoplankton did not exist
(Falkowski et al., 2000). It is estimated that 25%the carbon fixed by phytoplankton is
exported to the deep oceans, in a total of 11 t&GtL6f carbon per year (Falkowski, Barber,
and Smetacek, 1998; Laws et al., 2000). The complestem of oceanic biological and
physico-chemical processes that transport carbmm the epipelagic zone to the abyssal

ocean floor is designated the “biological pump” (K/and Hoffert, 1985).
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Figure 7. Role of coccolithophores in biogeochemical cycl€hrough the production of their coccoliths,
coccolithophores actively participate in gas exgebetween seawater and the atmosphere and tapbg ef
organic matter (¢ and carbonate (CaGto deep oceanic layers and deep-sea sedimergh¥iballasting
effect of their coccoliths on marine snow, cocdajthores are the main driver of the organic cagnamp (A),
which removes C@from the atmosphere. They are also the main aabthe carbonate counter-pump (B),
which, through the calcification reaction, is aighierm source of atmospheric @O hus, organic and carbonate
pumps are tightly coupled through coccolithophoientineralization. Ultimately, certain types of cotiths
particularly resistant to dissolution are deposittdthe seafloor, where they have built a remaekdbssil
archives for the last 220 Mydapted from de Vargas et al. (2007).

Coccolithophores also have also a second impopi@nticularity, they produce calcium
carbonate structures. This function provides theith @ more elaborate role in the carbon
cycle. As they secrete their calcareous exoskeleatay are ultimately sequestering carbon
from the atmosphere and stocking it into densegaaic structures (the coccoliths). These
structures will then act as ballasts of the ocedeiad-matter aggregates (or marine snow).
Being denser than sea water, these agglomeratesosthe deep ocean. It is estimated that
this process is responsible for half of the totaCC; deposition in modern oceans (Milliman,
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1993). As a result, around 35 % of the ocean fleaovered by a calcareous layer (which
may reach several kilometres deep), which actsres af the most important stabilizing

components of the Earth’s carbonate compensatistersly (Broecker and Peng, 2005). A
major role played by coccolithophores is hencertvgke a substantial flow of carbon from
the atmosphere into the Earth’s mantle (by subdaogtiwhere it will be prisoner of the

lithosphere for millions of years.

Coccolithophore interference in the global carbgde started to have a serious impact
as they started proliferating in the Cretaceousanse(Fig. 2). With an outstanding
coccolithophore expansion taking place (which ledthe occupation of new deep ocean
niches), these organisms provoked a clear changigeimceanic carbon deposition sites. A
process that before occurred mostly in the coastallow water regions moved to the deep
ocean for the first time in the Earth’s history {§{2004), leading to a revolution in ocean
carbon chemistry regulation (Ridgwell and Zeeb&3)0

4. Emiliania huxleyi

Emiliania huxleyi (Lohmann) Hay et Mohler is a very young coccolghore
morphospecies. Its first appearances in the fagsibrd date from 268,000 years ago
(Thierstein, Geitzenauer, and Molfino, 1977). Naitged within the Gephyrocapsdineage,
and became the most abundant and ubiquitous ctumoiiore in today’s oceans (Brown and
Yoder, 1994). It grows from warm and nutrient dégdeshallow surface mixed layers, to
freshly stratified waters from temperate and sutbi@ratitudes following termination of
spring diatom blooms (Tyrrell and Merico, 2004).

E. huxleyis haplo-diplontic life cycle (Fig. 8) comprisesdworms: the diploid (2N),
nonmotile, coccolith-bearing phase, and the hap(dj flagellated phase that possesses
nonmineralized organic scales overlying the celinbene (Paasche, 2001). Recent data
shows that both life forms can usually be foundhabiting in the sea; however the diploid

stage always represents the great majority oEthHeuxleyicells found (Frada, 2009).
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Figure 8. Schematic representation of the life cycleEmfhiliania huxleyi The recombination of haploid cells
which would allow the cycle to continue onto the &tdge has never been documentethpted from Frada
(2009).

E. huxleyipresents an unusual capacity to form vast blodras dan reach up to 10
cells litre'. The capacity to form vast blooms appears to hBusive to the diploid cells,
clearly R-selected organisms, that present a vegit maximum growth rate (up to 2,8
doublings per night (Brand and Guillard, 198&).huxleyiblooms can cover such large areas
that they can easily be visualized from space (#)gOne of the largest registered blooms
happened in 1991 south of Iceland (Atlantic Nortwjth an extension of 250,000 Km
(Holligan et al., 1993). When these vast coastdlraid-oceanic. huxleyiblooms disappear
there is a substantial flux of calcite to the selaf@@veri et al., 2000), a situation that has clear
impact on the biological pump (see explanation apoMoreoverE. huxleyiblooms can also
produce other significant regional environmentgbatts, such as an increase in water albedo
(reflectance) (Tyrrell, Holligan, and Mobley, 1999nd the release of cloud-forming
dimethyl sulfide (DMS) to the atmosphere (Malin &idinke, 2004).

Several studies have now demonstrated that viraeeghe major cause of bloom
termination (Bratbak, Egge, and Heldal, 1993; Baktlet al., 1996; Castberg et al., 2002;
Jacquet et al., 2002; Schroeder et al., 2003; Wiktal., 2002). In a recent article Frada and
co-workers have shown that those viruses (Cocandiths; Emiliania huxleyiVirus (EhV))
infect only the diploid cells (Frada et al., 2008hese workers hypothesize that EhV is a
crucial factor inducing meiosis and the productdiaploid cells. This leads to the idea that
the haploid stage could be acting as an escagegraom viral infection, in which case the
evolutionary cost of maintaining two completelytaist forms (haploid and diploid) could be
surmounted by the fitness of a form that is viedistant. Viruses may thus assume a major

selective force for the maintenance of sex.
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Figure 9. Satellite image of a&Emiliania huxley bloom in the English Channel, off the sc-western English
coast, covering a region of at least 800C.

5. Thesis Objectives

The first report of viral infection associatwith an E. huxleyibloom appeared?7
years agdBratbak, Egge, and Heldal, 19. On a first stage, andccompanying whewe
consider to be the first major trend in phytoplamkvirology, ttis discovery was followed b
a number of studies thabnfirmed the major role played by viruses in thermination ofE.
huxleyi blooms (Bratbak, Egge, and Heldal, 1993; Bratbak et &0951 Brussaard et a
1996b; Castberg et al., 2001; Wilson, Tarran, antkdv, 2002. Enhanced by the
development of specifictechniques, in particularepifluorescence microscopy\(\Wen,
Ortmann, and Suttle, 20Q4jlow cytometry (Brussaard, Marie, and Bratbak, 2C, and
genomic fingerprinting techniquWommack et al., 1999})hese studies confirmed that,
times, at least 50% of tHe. huxley cellsin a natural bloom can be simultaneounfected,
resulting in an important release of organic cartmthe environment that is-utilized by
bacteria. Even at this dgistage of research, the data obtained addechewaunderstandin
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of the planktonic realm, one in which viruses areignificant source of phytoplankton
mortality, influencing phytoplankton (bloom) dynamsiand have fundamental impacts on the
microbial food web (Wilhelm and Suttle, 1999).

The first isolation of anEmiliania huxleyi specific virus (EhV; coccolithovirus)
(Bratbak, Wilson, and Heldal, 1996) opened the doarew research possibilities. Following
the discovery that EhV is a “giant” DNA virus (bothth regards to genome and capsid size),
the first DNA sequences retrieved from the genofmeen the major capsid protein and DNA
polymerase genes) immediately placed EhV amongnide group of Nucleo Cytoplasmic
Large DNA Viruses (NCLDVs), and with close affinitg other phycodnaviruses (group of
large DNA viruses that infect algae) (Castberg let2002). However, it was at this early
stage of the characterization of EhV that the faigins of this virus’ peculiar nature were
identified, reflected in the very deep phylogeneposition it occupies within the
Phycodnaviridae, and separation from the othereotrfour genera of phycodnavirus
(Chlorovirus, Prasinovirus, Prymesiovirus, and Phaes). This led to the classification of
EhV in a newly created genus, the Coccolithovishfoeder et al., 2002).

Less than 5 years ago, Wilson and co-workers (200&leased the full genome
sequence of the coccolithovirus EhV-86. This giardl genome contained 472 open reading
frames (ORFs). The great majority of these (86%jesponded to sequences without match
in the existing databases, but their functionaligs immediately perceived since at least 65%
were expressed during lytic infection. As usualgppens with viruses, several unexpected
genes were found in the EhV genome, most notalyRMNA polymerase subunits and a
unique de novo sphingolipid biosynthesis pathway. The presenceRbIA polymerase
subunits in this viral genome raised the hypothéksa& EhV actually encoded its own
transcription machinery and hence, expression wiesBhV-86 transcripts could occur in the
cytoplasm rather than the nucleus unlike all otkeown phycodnaviruses. This unique
feature provided further evidence of the individyabf coccolithovirus among the other
known phycodnavirus. Yet, it was the discoverylad toccolithoviruglie novosphingolipid
biosynthesis pathway that was responsible, byféarthe generation of most of the intrigue
associated with the coccolithoviruses. Sphingofipgde membrane lipids often involved in
cell signalling and stress responses (Hannun aneidDi2008; Merrill, 2002). Notably
ceramide, usually the final product of this pathwesy often implicated in the control of
programmed cell death and apoptosis (Pettus, Gtiallmd Hannun, 2002; Siskind, 2005).
This was the first time a sphingolipid biosynthgsashway was discovered in a viral genome,
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which raised the hypothesis that this algal viraald encode a mechanism for manipulating
its host’s cell death (Wilson et al., 2005b).

This thesis was planned taking into account allséhéndings, but also, and most
particularly, the availability of the newly sequedcE. huxleyigenome. All the works
presented herein were hence made possible by ¢kathe developed access to both h&st (
huxley) and virus (EhV) genomes.

In Chapter 2 is presented a bibliographic review of the curdembwledge we have on
this viruses.

In Chapter 3 we seek explanations for the possible origin efdéRtraordinary and totally
unexpected EhMle novosphingolipid biosynthesis pathway. The possibibfythese viral
genes being the product of horizontal gene trar{sf&T) was put on the table. We report the
discovery of clear close homology between thatl viratabolic pathway and the one present
in its host’s genome, and discuss the most probabie of a unique horizontal gene
“importation” from Emiliania huxleyito its lytic virus. An extended search for HGT etge
across the EhV genome resulted in the discovebainost probable cases. These analyses
and data are presentedAnnexe 1

Coming back to the EhV sphingolipid pathway, anekggg answers to the functionality
of these viral genes in the environment, transionpgPCR studies were performed from field
RNA samples collected during mesoco&mhuxleyiblooms in North Atlantic waters. In
Chapter 4 we report the clear expression of this viral pathwluring EhV infection in the
ocean, and discuss possible implications of themesl host to virus transcription shift.

Afterwards, the scope of a transcription analysisird) natural EhV infections was
enlarged to wide representation of both host (firee attempt) and virus genomes through
the use of microarray techniques. The resultingendation of consistent viral takeover and
viral genome activation during infection in the avdre reported ihapter 5. A panorama of
metabolic requirements during EhV infection is prged, including interesting novel
metabolic features previously not reported in th& nfection process.

Attempts to isolate new coccolithophore viruses enadgignificant part of this PhD thesis.
A brief report on these attempts is thus preseint€hapter 6.
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Chapter 2.

Coccolithovirus — a review

Anténio Pagareté, Colomban de Varga$, Michael Allen? and William Wilson?®

1. Equipe EPPO-Evolution du Plancton et PaléoOc¢&@8RS-UMR7144, Université Pierre et Marie Curie,
Station Biologique, FR-29682 Roscoff, France.

2. Plymouth Marine Laboratory, Prospect Place, Hoe, Plymouth, PL1 3DH, UK.

3. Bigelow Laboratory for Ocean Sciences, West lmnt Harbor, 04575 ME, USA.

1. Biological properties

Coccolithoviruses infect numerous strains of thgniresiophyte algeEmiliania
huxleyi, the most abundant and ubiquitous coccolithophareéoday’s oceans. Their type
species i€miliania huxleyivirus 86 (EhV-86)Their host’s life cycle is haplo-diplontic, with
the 2N phase being responsible for periodic extendlooms in temperate ocean water.
These viruses are only capable of infecting théodipphase (Frada et al., 2008). Their Iytic
infection is very severe and is the main causé®Et huxleyibloom demise (Bratbak, Egge,
and Heldal, 1993; Bratbak, Wilson, and Heldal, 9%y the end of the blooms a clear
distinct population of EhV like particles can beagnized using flow cytometry analysis
(Brussaard et al., 1996b; Castberg et al., 200quk et al., 2002). Densities can reach up to
10" virus particles mft (Wilson, Tarran, and Zubkov, 2002). The early s@a@f bloom
development are usually characterized by the poesef many different EhV genotypes,
which seem to suffer strong selection, leaving anfew genotypes present by the end of the
bloom (Martinez-Martinez et al., 2006; Schroedealet2003).

Coccolithoviruses have proven relatively easy tdate from water samples taken at
the end ofE. huxleyibloom events (Castberg et al., 2002). Suscephbst strains usually
lyze between 2 and 7 days after the addition 0 (s filtered infectious seawater (Wilson
et al., 2002). Clonal isolates can be obtained lagye or dilution assays (Schroeder et al.,

2002). To date 18 EhV strains have been isolateth fE. huxleyi blooms occurring in

" The information presented here will be publishrethie form of a review on Coccolithoviruses in et

edition of the book Big Encyclopedia of Virusesif®ger Editions).
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different locations of the North Atlantic oceancluding the English Channel, Norwegian
flords, and the coast of Maine (West Atlantic) (Teab).

Table 1.List of the different EhV strains isolated to date

Strain name Geographic location Isolation date
Ehv-84 English Channel 1999
EhV-86 (type species) English Channel 1999
EhV-88 English Channel 1999
EhV-163 Raunefjorden, Norway 2000
EhV-201 English Channel 2001
EhV-202 English Channel 2001
EhV-203 English Channel 2001
EhV-204 English Channel 2001
EhV-205 English Channel 2001
EhV-206 English Channel 2001
EhV-207 English Channel 2001
EhV-208 English Channel 2001
EhV-209 English Channel 2001
EhV-v1 Raunefjorden, Norway 2003
EhV-Vv2 Raunefjorden, Norway 2003
EhV-2KB1 Maine, North-West Atlantic 2008
EhV-2KB2 Maine, North-West Atlantic 2008
EhV-99B1 Maine, North-West Atlantic 2008

To date, little is known on the natural distrilmutivariation of the different EhV
strains, as well as the rates of selection to wihidse viruses are subjected. Recent data,
corroborated by the accordance between three comeplary techniques (phylogeny based
on DNA polymerase and major capsid protein geneiasces; host range infection assays;
microarray-based wide genome approach), indicdtadthe EhV strains isolated, in different
years, in the English Channel and in Norway clugtieylogeneticaly according to both

temporal and geographical proximity (Allen et 2007).
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2. The EhV virion

2.1. Morphological and structural properties

The virion size ranges from 170 to 190 nm. It haskectron dense core, surrounded
by a clearly defined icosahedral capsid and anreakéipid envelope (Fig. 1) (Mackinder et
al., 2009; Schroeder et al., 2002). EhV virionseéhawdensity of approx. 1.2 g / ml after CsCl
centrifugation (Schroeder et al., 2002).

Nucleo-Protein

Core

Figure 1. On the left atransmission electron micrograph depicting the gmes of EhV particles in a lysédl
huxleyi culture €ourtesy of Dr. Declan SchroederOn the right a diagrammatic view of the EhV eiri
highlighting the centraNucleo-protein corg surrounded by an icosahedral capsiy &énd an exterior lipid

membranel(M ). Bar 200 nm.

2.2. Virion proteome

The coccolithovirus virion is composed of at le@& proteins, 23 of which are
predicted to be membrane proteins (Allen et alQ80From the total 28 proteins, 10 have
been assigned putative functions including the megpsid protein, two lectin proteins, a
thioredoxin and a serine/threonine protein kina$able 2). According to Allen and
colleagues (2008) the other proteins suggest paterles involved with viral budding,

caspase activation, signalling, antioxidation, siagdsorption and host range determination.

46



47

Chapter 2 &@olithovirus — a review

Table 2. Proteins identified in the EhV virion with an agsed putative functidh

Gene numbeP Top Blast hit Blast Score
ehv035 similar to SMC2 proteiBos taurus 0.058
ehv036 HlyD family secretion proteiAgrobacterium tumefaciens 0.004
ehv085 major capsid protein, Heterosigma akashivesv 76%
ehvl75 serine/threonine protein kinaBepulus tomentosa 0.66
ehv182 diaminopimelate decarboxylaS&geptococcus pneumoniae 0.48
ehv301 NB-ARC domain containing proteryza sativa 0.31
ehv325 envelope glycoprotein, Simian immunodeficievirus 1.1
ehv333 CRISPR-associated protein, Csel farRdgudomonas mendocina 0.35
ehv340 fimbrial associated sortase-like prot€orynebacterium diphtheriae 0.42
ehv461 Fatty acid synthesis protditerminiimonas arsenicoxydans 2.6

®Adapted from Allen et al. (2008).
®Gene number corresponds to the designation of gank in the EhV genome (Genbank accession number
AJ890364).

2.3. Lipids

Electron and confocal microscopy imagery have shthahcoccolithovirus release occurs
via budding at the host membrane (Mackinder et28109). Hence, the EhV virion particles
are coated in a lipid membrane as they are relelasadinfected cells. This is corroborated
by flow cytometry data suggesting that virus redeascurs before cellular disintegration.
Membrane proteins identified as components of tii@rv are potentially responsible for
coordinating this viral budding through the fornoatiof lipid rafts at the plasma membrane.
The presence of a sphingolipid biosynthesis pathweatie virus genome (Han et al., 2006;
Wilson et al., 2005b) further enhances this hypsithesince sphingolipids have also been

implicated with lipid raft formation.

2.4. Nucleic acids and genome organization

All coccolithoviruses studied so far have genomés &n estimated size of 410 kb.

The genome of the type strain, EhV-86, has beenesagd in its entirety (Wilson et al.,
2005b). Good sequence coverage (>80%) is availabke second Norwegian virus, EhV-163
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(Allen et al., 2006b), and sequencing of a nineep#trains is underway (Bratbak and Allen,
pers. com.).

The genome consists of a single molecule of dsDBAginally believed to be linear
in conformation, PCR amplification over the termievealed a random A/T single nucleotide
overhang (50% A, 50% T), suggesting that the vggeome has both linear and circular
phases (Allen et al., 2006a; Wilson et al., 2009lne identification of a putative origin of
replication (similar in structure to that of the dan Barr virus) suggests a possible rolling
circle mechanism involved in genome replicationitiermore, the presence of a DNA ligase
gene closely associated with the putative origin replication (in tandem with four
endonucleases at various locations on the genoimé that a linear genome may be
packaged into the virion, which later circularizesallow DNA replication (Allen, Schroeder,
and Wilson, 2006).

In the EhV-86 genome a total of 472 coding sequeiC®Ss) are predicted, with an
average gene length of 786 bp. Coding density ¥.9Qf the total predicted CDSs, only 66
(14%) have been annotated with functional produedistions on the basis of sequence
similarity or protein domain matches (Table 3) (%8ih et al., 2005b). Twenty-five of those
genes belong to the common coregehes present in thucleo-cytoplasmic large DNA
viruses NCLDVs) (Allen et al., 2006c).

Table 3.Functions of encoded proteins in BV genomé

Gene number Putative protein function Top BLAST hit BLAST
score

Nucleotide metabolism, transcription, replication and repair

ehv018 Endonuclease Homo sapiens E=1.8€"
ehv026 Ribonucleoside-diphosphate reductase Nicotiana tabacum E = 4.4&"
small chain
ehv030 DNA polymerase delta catalytic subunit Mus musculus E=21¢€"°
ehv041 Endonuclease Paramecium bursaria chlorella E = 4.5&"
virus 1
ehv064 DNA-dependent RNA polymerase |l Glaucosphaera vacuolata E=1.9¢
largest subunit
ehv072 DNA-binding protein Paramecium bursaria chlorella E = 4.9€"
virus 1
ehv093 HNH endonuclease family protein Methanosarcina mazei E = 6.0¢"
ehv104 Putative helicase Drosophila melanogaster E = 7.9¢*
ehv105 Transcription factor S-11 (TFIIS) family ~ Aeropyrum pernix E =3.4e-5
protein
ehv108 DNA-directed RNA polymerase subunit | Encephalitozoon cuniculi E=1.1€
ehv110 RING finger protein Arabidopsis thaliana E=3.78¢
ehv136 Nucleic acid—binding protein Caenorhabditis briggsae E=6.3¢
ehv158 DNA ligase Arabidopsis thaliana E =4.0é
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ehv166 RING finger protein Schistosoma japonicum E=27¢
ehv167 DNA-directed RNA polymerase subunit Homo sapiens E=3.2¢
ehv230 Endonuclease Bacteriophage T4 E =%.6e
ehv393 DnaJ domain-containing protein Plasmodium yoelii E = 1.4¢
ehv397 Deoxyuridine 5’-triphosphate Fowlpox virus E =3.68
nucleotidohydrolase
ehv399 DNA-directed RNA polymerase subunit Methanococcus jannaschii E =266
ehv401 Ribonuclease Chlamydia trachomatis E=1.2¢°
ehv428 Ribonucleoside-diphosphate reductase Homo sapiens E=23é
protein 200
ehv430 Helicase Bacteriophage KVP40 UvsW E=80e
ehv434 DNA-directed RNA polymerase Il subuniHomo sapiens E=3.3é
148
ehv444 DNA topoisomerase Schizosaccharomyces pombe E = 1.1€"
ehv453 mRNA capping enzyme Homo sapiens E = 9.5¢€*
ehv459 Nucleic acid—independent nucleoside ~ Paramecium bursaria chlorella E = 2.9
triphosphatase Virus 1
Structural proteins and proteins involved in morphagenesis
ehv085 Major capsid protein EhV-86 E = 2%e
Fatty acid metabolism
ehv028 Lipase Photobacterium profundum E=25¢
ehv031 Sterol desaturase Macaca fascicularis E=1.2&
ehv050 Serine palmitoyltransferase Homo sapiens E=25¢*°
ehv061 Fatty acid desaturase Anopheles gambiagtr. PEST  E = 1.46&%
agcpl4456
ehv077 Transmembrane fatty acid elongation = Homo sapiens E=22¢&
protein
ehv079 Lipid Phosphate phosphatase Arabidopsis thaliana E =5.2&*
ehv415 Putative fatty acid desaturase TrichoplusiaNI E=4.1&"
Proteases
ehv021 Serine protease Homo sapiens E = 5.0€"
ehv109 OTU-like cysteine protease Oryza sativa E=7.1¢&
ehv133 ATP-dependent protease proteolytic Deinococcus radiodurans E=1.4€¢
subunit
ehvi51 Serine protease Bombyx mori E = 3.06"
ehv160 Serine protease Meriones unguiculatus E =6.6€¢
ehv349 Protease Arabidopsis thaliana E =9.2¢¢
ehv361 Serine protease Drosophila melanogaster E=1.2¢&"
ehv447 Serine protease Penaeus vannamei E=9.7¢"
Other Proteins
ehv020 Putative proliferating cell nuclear antigenNicotiana tabacum E = 2.06"
ehv023 Deoxycytidylate deaminase Homo sapiens E=216°
ehv060 Lectin protein Paramecium tetraurelia E = 2.06“
ehv101 Hydrolase Mycoplasma genitalium E=2.2¢€
ehv103 Vesicle-associated membrane protein  Homo sapiens E=1.1€"
ehv113 Bifunctional dihydrofolate reductase—  Paramecium tetraurelia E=2.3¢¢
thymidylate synthase
ehv117 Phosphate permease Neurospora crassa E = 2.4
ehv128 ERV1/ALR family protein Chilo iridescentVirus E=9.8¢
ehv141 Hypothetical protein Brachydanio rerio E = 2.2¢¢
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ehv179 Major facilitator superfamily protein Arabidopsis thaliana E=9.7¢¢
ehv358 Thioredoxin Triticum aestivum E=6.7¢
ehv363 Lipase esterase Mycoplasma mycoides E = 6.6&"
ehv402 Protein kinase Schizosaccharomyces pombe E =3.9 &
ehv403 Hypothetical protein Ectocarpus siliculosu¥irus E = 3.8&°
ehv431 Thymidylate kinase Clostridium tetani E=7.8&"
ehv440 Proliferating cell nuclear antigen protein Schizosaccharomyces pombe E = 8.9&
ehv451 Protein kinase Homo sapiens E=1.1¢&"
ehv455 Sialidase Homo sapiens E=21¢€
ehv465 Putative thioredoxin protein Arabidopsis thaliana E=95¢&

# adapted from Wilson et al. (2005b).

Coccolithoviruses possess several unique featunemi@ the Phycodnaviruses. Their
genome encodes six RNA polymerase genes, all ofhwhre expressed during infection
(Wilson et al., 2005b). Three families of distincttlifferent repeat sequences appear
throughout the EhV genome, designated Family AnB @ (Allen, Schroeder, and Wilson,
2006). Family A repeats are non-coding, found imiaietly upstream of 86 predicted coding
sequences (CDSs) and are likely to play a crucl in controlling the expression of the
associated CDSs. Family B repeats are GC richhgodind correspond to possible calcium
binding sites in 22 proline-rich domains found e fprotein products of eight predicted EhV-
86 CDSs. Family C repeats are AT-rich, non-codary] form part of the putative origin of
replication. Being involved with transcriptionalrdool (Family A), virus adsorption/release
(Family B) and DNA replication (Family C), thesepeat regions are potentially of
fundamental importance for virus propagation.

The analysis of the EhV-86 genome also revealegtbsence of genes involved in
sphingolipid biosynthesis, and a further two geeesoding desaturases (Wilson et al.,
2005b). Sphingolipids are membrane lipids preserdlli eukaryotes and some prokaryotes.
They play a key role in several processes, paditulsignal transduction (Futerman and
Hannun, 2004). Sphingolipid biosynthesis usualfdketo the formation of ceramide (Merrill,
2002), a known suppresser of cell growth and aragetlular signal for apoptosis (Hannun
and Obeid, 1995; Obeid et al., 1993).

Another potentially important feature of the codtwlvirus genome is a 100-kbp
“ORFanage” region. It is located in the middle bé tgenome between 105 kb and 205 kb,
and its function is still unclear. It is commonlgferred to as “ORFanage” due to lack of
known function associated with most of its CDSs I§¢h et al., 2005b). It contains
approximately 150 CDSs (Allen et al., 2006d). Mdahan half of these genes (87) are

associated with a unique promoter element thatedriveir expression during the earliest
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stages of infection (see earlier, Family A repeéddlen et al., 2006a; Allen, Schroeder, and
Wilson, 2006). These genes encode proteins thaiulntddly play a crucial and integral role
during virus infection, yet, so far their functioemains a mystery.

Genomic variation among different EhVs is substnin a microarray analysis of
425 of the 472 predicted genes of the EhV-86 genonoee than 70 were found to be absent
or sufficiently variable to cause a negative hylzation in the genome of one or more
coccolithovirus isolates (Allen et al., 2007). @irecomparison of EhV-86 and EhV-163
genomic sequences reveal that of the 202 CDSs fachwthere is full sequence in both
genomes, only 20 are completely identical at theeutide level and an additional 17 at the
protein level (Allen et al., 2006b). Nonetheless BEhV genome consistency is still clear. The
overall genome size is similar between all cocholiruses, and all 25 “core” NCLDV genes

are present in all EhV isolates analysed so fde(¢t al., 2007).

2.5. Replication strategy

After contact with the host cell membrane the agoison of the virion happens in a
matter of a few minutes. Unlike other characterizgd/codnaviruses (for example the
Chlorovirus described in Chapter 1) that directlject their DNA content into the host’s
plasma (Van Etten et al., 2002), the coccolithaviuirion initially maintains its integrity
following entry into the cell. After passing thedt’s exterior membrane the EhV capsids can
be seen intact in the cytoplasm with their nucletgin core encapsulated by the major capsid
protein. Then it takes only a few seconds for tlieleoprotein core to disassemble and
release its DNA in the cell cytoplasm or directhythe nucleus. An eclipse period then takes
place while the viral machinery takes over the oedtabolism and starts the assembly of new
virions. The first newly produced viral capsidsrsta appear around 3h p.i. (Mackinder et al.,
2009). According to Castberg et al. (2002) aroudd # 1000 assembled virions can be seen
accumulating in the host cytoplasm before progvessslease. Exit of the viral capsids occurs
through a budding mechanism, in which the virusaa g lipid envelope made of their host’s
membrane (Fig. 2). Ultimately, the process leadstht® disintegration of the host cell
(Mackinder et al., 2009).
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Figure 2. Schematic representation of the EhV replicationleeythe EhV virion enters the cell either via an
endocytotic mechanism (step 1a) followed by fusdbits envelope with the vacuole membrane (step2hy
fusion of its envelope with the host plasma memér@tep 1b). The capsid rapidly breaks down, relgahe
viral genome (step 3). Early viral transcriptioarts occurring in the nucleus using host's RNA padyase,
followed by possible cytoplasm transcription usihg viral encoded RNA polymerase present in Ehiogee
(step 4). Capsid assembly takes place in the @gopl(step 5), and the release of the newly fornigdng
occurs via a budding mechanism (step &jlapted from Mackinder et al. 2009

The coccolithoviruses have a different propagastmategy in comparison with the
latent Phaeovirus and the Iytic Chlorovirus systeimesented in Chapter 1). The EhV
genome possesses 6 RNA polymerase subunit genasjngehat their replication strategy
could be partially independent from the host nuelgiwilson et al., 2005b). Viral
transcription begins immediately after infectiomdait is limited to a distinct 100 kb
“ORFanage” region in the virus genome; this regommtains a unique promoter element
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(Allen et al., 2006a; Allen, Schroeder, and Wilsg806). The only genes transcribed during
the first hour post infection are associated witis element. Proteomic analysis of EhV-86

virions has failed to detect any transcriptionachaery packaged in mature virions (Allen et

al., 2008), therefore a host nuclear RNA polymgisgses presumably responsible for this

early transcription. Between 1 and 2 hr post indegta second transcriptional phase begins
with gene expression occurring from the remaindéh® genome (Allen et al., 2006a). Since
viral RNA polymerase components are expressedisnséecond phase, viral replication may

no longer be nuclear dependent at this stage amddription may move to the cytoplasm

(Fig. 2, step 4).

2.6. Phylogeny and evolution

The phylogenetic position of the coccolithovirusiss still in debate with high
uncertainty regarding its evolutionary history. &l independent phylogenetic studies
(Allen et al., 2006c; Larsen et al., 2008; Schroesteal., 2002; Wilson et al., 2006) have
always placed the EhV within the famiBhycodnaviridae However, the coccolithovirus do
not cluster with the other Prymnesiovirus identfte date (whose hosts are phylogeneticaly
close toE. huxley), but instead occupy a very deep position in tiigcpdnavirus clade (Fig.
3). This differentiation from the other membergiué Phycodnaviridaded to the creation of
the new genu€occolithovirus

The 6 RNA polymerase subunits present in the EhWoge (unique among the
known phycodnaviruses) add to the singularity & tdoccolithoviruses among other algal
viruses. Since ancestral NCLDV contained the RNA/mperase function, it is likely that of
all the phycodnaviruses sequenced so far, EhV-g@sents the virus with the lifestyle most
similar to the ancestral virus (Allen et al., 20R6d he change in lifestyle represented by this
loss of RNA polymerase function (i.e. from nucleadependence to nuclear dependent
transcription) probably contributes to the high aisity among present day genera in the

Phycodnaviridae
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Figure 3. Phylogenetic inference using the complete proseiquences of the MCPs from 16 members of the
Phycodnaviridaefamily. The tree was rooted using the sequenceB\W68 and LCDV-1 of thdridoviridae
family. The scale bar indicates the number of ananw substitutions per residue. Viruses includes Frog
virus (FV-1), Lymphocystis disease virus (LCDV-BEmiliania huxleyi virus (EhV-86, EhV-99B1), Feldma@a
irregularis virus (FirrV-1), Ectocarpus siliculosuisus (ESV-1), Mimivirus, Heterosigma akashiwousr(HaV-

1), Pyramimonas orientalis virus (PoV-01B), Chrysoenulina ericina virus (CeV-01B), Phaeocystis ati
virus (PpV-01), and Paramecium bursaria chloreitasv(MT325, CvG-1, FR483, ATCV-1, PBCV-1, CvK-2,
AR158, NY2A).Adapted from Larsen et al. (2008).
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1. Summary

Interactions between viruses and phytoplankton,ntiaén primary producers in the
oceans, affect global biogeochemical cycles anchatk. Recent studies are increasingly
revealing possible cases of gene transfers betwgamobacteria and phages, which might
have played significant roles in the evolution piobacteria/phage systems. However, little
has been documented about the occurrence of htalzgene transfer in eukaryotic
phytoplankton/virus systems. Here we report phyhegie evidence for the transfer of seven
genes involved in the sphingolipid biosynthesidhpaty between the cosmopolitan eukaryotic
microalgaEmiliania huxleyiand its large DNA virus EhV. PCR assays indichts these
genes are prevalent i huxleyiand EhV strains isolated from different geograpbaations.
Patterns of protein and gene sequence consenaiport that these genes are functional in
both E. huxleyiand EhV. This is the first clear case of horizbigane transfer of multiple
functionally-linked enzymes in a eukaryotic phyemkton-virus system. We examine
arguments for the possible direction of the geasdfier. The virus-to-host direction suggests

the existence of ancient viruses that controllezl tbmplex metabolic pathway in order to

* Published in Genome Research 19(8): 1441-1440920
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infect primitive eukaryotic cells. In contrast, thest-to-virus direction suggests that the serial
acquisition of genes involved in the same metabmdithway might have been a strategy for
the ancestor of EhVs to stay ahead of their closgatives in the great evolutionary race for

survival.

2. Introduction

Oceanic phytoplankton (cyanobacteria and eukaryuoigroalgae) is responsible for
over half of the Earth’s primary production. Thegthilevel of biological production by
microalgae is principally due to their fast turnovate of 2 to 6 days on average, relative to
19 years for land plants (Field et al.,, 1998). bgrihe last two decades, oceanographers
discovered that viral infection is one of the majauses of death of marine microorganisms,
including microalgae (Nagasaki, 2008; Suttle, 200[)is estimated that 20-40% of
microorganisms in surface sea waters are killeglitmses each day. Being basal components
of marine microbial food webs, viruses thus sigmaifitly contribute to the cycling of energy
and nutrient on a global scale.

Emiliania huxleyi is the most prominent modern coccolithophore, augr of
photosynthetic marine unicellular eukaryotes thadaypa critical role in ocean
biogeochemistry (de Vargas et al., 20(®).huxleyiis a member of the Haptophyta, one of
the deepest branching lineages of the eukaryaedf life. This microalgal species is known
for its beautiful exoskeleton made of calcium cawdde scales (“coccoliths”), and its recurrent
blooms turning extensive areas (>10,000°kmf oceanic surface waters milky-whitE.
huxleyi actively participates to CQexchange between the atmosphere, seawater, and the
lithosphere, through the synthesis of coccoliths lay driving massive sinking of organic and
inorganic carbon into the deep sea. It thus plagsateal role on global carbon cycling and
climate change (Charlson et al., 1987; Westbroed.et1994).E. huxleyiblooms suddenly
terminate with a sharp increase in the abundanggaot viruses (“coccolithoviruses”) which
infect and lytically kill the microalgae (Bratbakgge, and Heldal, 1993; Delille et al., 2005).
Coccolithovirusesare large double stranded DNA viruses, and formaaaphyletic group
within the virus familyPhycodnaviridae(Allen et al., 2006c; Schroeder et al., 2002).
huxleyivirus 86 (EhV-86) is the type species of the gdbascolithovirus and was originally
isolated from a seawater sample collected from iagdi. huxleyibloom in the English
Channel. The 407 kbp-genome of EhV-86 is preditbeeincode 472 proteins (Wilson et al.,
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2005b), and is the second largest among sequend@dyetic viral genomes (Raoult et al.,
2004).

Along with the sequencing of the EhV-86 genome caingediscovery, for the first
time in a virus, of a series of enzyme-coding gepe=dicted to be involved in the
biosynthesis of sphingolipids (Wilson et al., 20p5Bphingolipids are membrane lipids
present in all eukaryotes and some prokaryotes atleainvolved in the regulation of various
cellular processes (Futerman and Hannun, 2004)in§plipid metabolism has been mostly
studied in mammalian and yeast cells, where it Yeagd to play key roles in signal
transductions (Hannun, Luberto, and Argraves, 200li¢de novosphingolipid biosynthesis
leads to the production of ceramide (Merrill, 2Q0@hich serves as the backbone for all
complex sphingolipids and has a fundamental rolecaordinating eukaryotic cell stress
responses including activation of apoptosis (Guamngh al., 2008; Hannun, 1996; Yang et al.,
2004).

The genome of EhV-86 encodes at least seven enzyreégted to be involved in the
biosynthesis of sphingolipids (Wilson et al., 20p5bhese include four enzymes central to
this metabolic pathway (Fig. 1, (Merrill, 2002))erse palmitoyltransferase (SPT),
dihydroceramide synthase (longevity assurance fdgtbAG1), dihydroceramide desaturase
(Dsd1-like fatty acid desaturase, FAD) and sphimgosl-phosphate phosphatase (lipid
phosphate phosphatase, LPP). The remaining viralynees related to sphingolipid
biosynthesis are a sterol desaturase, a transmeelfatty acid elongation protein, and an
Acol-like FAD (Table 1). Together, these enzymesstitute an almost entirde novo
sphingolipid biosynthesis pathway. The seven vigahes are dispersed in the EhV-86
genome, which does not encode any obvious homolfogu& ketosphinganine reductase (3-
KSR), the enzyme catalyzing the second step o$phengolipid biosynthesis pathway.

Transcription of the viral genes involved in thénisigolipid pathway is coordinately
regulated. It starts at 2 hours postinfection, esponding to an early stage of the viral
replication cycle, which lasts from > 4 hours up2tdays (Allen et al., 2006a). This timing
coincides with the first expression of the viral RIdolymerase (Allen et al., 2006a; Wilson
et al., 2005b), suggesting that these viral genag be transcribed by the virally encoded
transcription machinery and thus expressed in tst dytoplasm (Allen et al., 2006a). The
viral sphingolipid enzymes are not packaged in B®Vvirions according to a proteomic
survey (Allen et al., 2008). The sole EhV sphingialienzyme biochemically characterized to
date is the SPT, which exhibits atypical domaindasrchitecture. In most eukaryotes, SPTs

are heterodimers comprised of two aminotransfesabenits, the long chain base 1 (LCB1)
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and LCB2. Haret al. (Han et al., 2006) found that the EhV-86 gene 8bvencodes a single
polypeptide with N-terminal LCB2-like and C-termiraCB1-like domains. They also found
similar fusion proteins in EST libraries froBh huxleyiandEntamoeba histolyticarhe viral
SPT was further expressed in yeast, demonstratingativity and unusual preference for
myristoyl-CoA (C14) rather than palmitoyl-CoA (Cl@han et al., 2006). Despite these
recent efforts to characterize the EhV sphingolipiosynthesis genes, their function in the
virus replication cycle remains unknown. Based l@nrole of ceramide as an inducer of cell
death in mammalian and yeast cells (Guenther e2@08; Siskind, 2005; Susin et al., 1997),
several authors proposed that the viral sphingblieramide pathway may activate host cell
death, thus helping disseminate newly generatedngrin the host population (Bidle et al.,
2007; Wilson et al., 2005b).

1
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Figure 1. A model ofde novosphingolipid/ceramide biosynthesis pathway. Theyeres found in both EhV-86

andE. huxleyiare indicated in red. The enzyme present onB.ihuxleyiis indicated in green.

The unique presence of sphingolipid enzyme genesnip EhV among all known
viruses and their ubiquitous distribution in eukdes suggest the possibility of horizontal
gene transfers (HGTSs) of these functionally linlkedyme genes between ancestral virus and
eukaryotic host lineages. Viruses are known toycarariety of host genes. Recent genomics
studies are increasingly revealing interesting £asd HGT between prokaryotic
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phytoplankton (cyanobacteria) and their virusesufophages) (Lindell et al., 2005; Lindell et

al., 2004; Sullivan et al., 2006; Yoshida et ab02).
Table 1. Sphingolipid biosynthesis enzymes in the giamiviEhV-86 and its coccolithophore h&sthuxleyi.

Enzymes EhV-86 CDS E. huxleyi E. huxleyi scaffold ID / scaffold
CDs* size / CDS position

Serine palmitoyltransferase (SPT) YP_293804 432901  Scaff7/1.4 Mb/1020001-
(ehv050 1016564

3-ketosphinganine reductase (3-KSR) absent 43799%caff 63 / 604 kb / 377451-

376298

Dihydroceramide synthase (longevity YP_293768 200862  Scaff 13/1.1 Mb / 88654-89151

assurance factor 1, LAG1) (ehv013

Fatty acid desaturase (Dsd1-like) YP_293875 54601 Scaff 675/ 28 kb / 8222-7338
(ehv06)

Lipid phosphate phosphatase (LPP) YP_293833 193908  Scaff 1/3 Mb/540559-541506
(ehv079

Transmembrane fatty acid elongation YP_293831 70214 Scaff 118 / 428 kb / 11947-12897

protein (ehvO77y

Sterol desaturase YP_293785 210457  Scaff 43 /769 kb / 605740-
(ehv03) 606537

Fatty acid desaturase (Aco-1 like) YP_294173 236135  Scaff16/1.1 Mb/267821-
(ehv419 266730

* CDS IDs from the JGI reduced protein set.

From the observation of “host-like” genes in baojgnage genomes, Hendrix and
other authors proposed a modular theory of phagkigon, in which phages evolve through
the stepwise acquisition of genes from diverse @si(Brussow and Hendrix, 2002; Hendrix
et al., 2000). Eukaryotic large DNA viruses alsdibk genes with homologs in cellular
organisms, such as those related to immune systepoxviruses (Hughes and Friedman,
2005), and homologs of cellular genes found inaim®eba-infecting giant mimivirus; albeit
with controversy on the timing, mechanism and fesuwy for possible gene transfers
(Claverie, 2006; Filee, Siguier, and Chandler, 20@dreira and Brochier-Armanet, 2008;
Ogata and Claverie, 2007; Raoult et al., 2004).extbeless, little has been documented about
the occurrence of gene transfer in eukaryotic a&lgss systems due to the limited availability
of genomic sequence data for such host-virus pAirecent comparative genomics study of
the green alg®streococcus taurand its virus OtV5 could reveal only one putatoase of
HGT for this eukaryotic alga-virus pair (Derelleadt, 2008). Here we test the hypothesis that
HGT is at the origin of the EhV sphingolipid bioslyasis genes using the recently released
draft genome sequences Bf huxleyidiploid strain CCMP1516 (7809 scaffolds, 168 Mb,

10X coverage) determined by the InternatidbahuxleyiGenome Sequencing Consortium.
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3. Materials and Methods

Sphingolipid biosynthesis gene sequences from E. huxleyi CCMP1516

The genome sequence datakof huxleyiCCMP1516 strain were produced by the
International E. huxleyi Genome Sequencing Consortium in collaboration wiitea US
Department of Energy Joint Genome Institute (httpuiv.jgi.doe.gov/). The genome
sequence data are being analyzed by the consonti@mbers and will be published
elsewhere. The amino acid sequences correspondintpet seven EhV-86 sphingolipid
biosynthesis genes (Table 1) were used to idettigyr homologs in th&. huxleyigenome
sequences, using BLASTP searches (Altschul efl@®7) against the host's ORFeome (the
JGI reduced protein set as of April 4, 2008; E-eall0%%). For the detection d. huxleyi3-
KSR homolog, 3-KSR homologs from green plamsapidopsis thalianand Ostreococcus

tauri) were used as TBLASTN queries.

PCR-amplification and sequencing of sphingolipid biosynthesis genes from host and virus
strains

Six E. huxleyiand eleven EhV strains were chosen by takingantmunt their distant
geographical origins (Table S1) and distinct bebtiaviegarding susceptibility to EhV
infection (data not shown). To extra€t huxleyiDNA, 250 ml of late exponential growing
cultures were harvested by centrifugation (14006 fior 2 mins). A 0.5ml pellet was
recovered and initially treated with proteinaseskr{g/ml) in a lysis buffer containing 20 mM
EDTA, pH 8 and 0.5% SDS (w/v) at 65 °C for 1 h. btagell debris was removed by adding
600 pl of phenol to each sample and centrifuginghakimum speed for 10 min. The top
layer was recovered and the DNA was extracted usarg equal volume of
chloroform:isoamyl alcohol (24:1). The DNA was pgpated with the addition of 0.5 x
volume 7.5 M ammonium acetate, pH 7.5, and 2.5l¥me absolute ethanol. The pellet was
washed 3 times in 300 ul of ice-cold 70% ethanidéravhich it was dried and re-suspended
in 30 pl of DNase free water. The virus isolatesendirectly used as DNA template for PCR
without prior DNA purification. The on-line applitan Primer3 (Rozen and Skaletsky, 2000)

was used to design primers that target homologegisms in both host and viral genes (Table
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S2). The PCR reaction was set up as followgt &f DNA template (extracted DNA in case
of the hosts, viral isolate in the case of thes)nvas added to a 26 reaction mixture which
contained: 1 UTag DNA polymerase (Promega), 1 x PCR reaction buffpihega), BSA,
0.25 mM dNTPs, 2.5 mM Mggl 10 pmol of each primer. The PCR was conducted®T C-
100™ cycler (MJ Research) with an initial denatgrstep of 95 °C (5 min), followed by 35
cycles of denaturing at 95 °C (60 s), annealirspefiC (60 s), and extension at 74 °C (60 s). A
SequiTherm EXCEL Il DNA Sequencing Kit-LC (Epicesifiechnologies) with a LI-COR
Aut