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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




17

Chapterl Introduction

(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

18



19

Chapterl Introduction

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



Chapterl Introduction

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).



Chapterl Introduction

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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Atmosphere

O @ O
o o % o
CO; + H;O0 —» CH,0 + 0, Ca2+ + 2HCO,~ —» CaCO, + H,0 + CO,

& b

Coccolithophore
=\
Coccolith ==

Other
Phytoplankton ()

Photic Zone

Marine snow
SR

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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Mitosis Mitosis
Meiosis

E. huxleyi
Life Cycle

Diploid

Sexual
recombination?

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.
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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
Automated DNA Sequencer was used to sequence tRepRégiucts. Obtained sequence data
were deposited in GenBank (accession numbers fids8¥1546 to FJ531633).

EhV-86/EhV-163 orthologs

We extracted open reading frames0Q aa) from the partial genome sequence data of
EhV-163 (Allen et al., 2006b) using EMBOSS/GETOR®ftware (Rice, Longden, and
Bleasby, 2000). EhV-86/EhV-163 orthologous sequepaies were determined using the
reciprocal BLASTP best hit criterion.

Phylogenetic analysis

EhV-86 andE. huxleyisphingolipid biosynthesis-related protein sequsnere used
as queries for BLASTP searches against the NCBiradandant database (Pruitt, Tatusova,
and Maglott, 2007) (E-value < Ppto identify and retrieve their homologs. We gerted
multiple sequence alignments using MUSCLE (Edg@042. The SPT protein sequences
from EhV-86,E. huxleyj O. tauri andE. histolyticawere split into sub-sequences according
to their particular domain architecture. All gapntaining sites were removed from the
alignments for the following phylogenetic analysédaximum-likelihood phylogenetic
analyses were performed using PHYML (Guindon anddGel, 2003) with the Jones-Taylor-
Thornton substitution model (Jones, Taylor, and ritten, 1994) and with 100 bootstrap
replicates. Maximum parsimony phylogenetic analysese performed for PCR-amplified
sequences using Phylip/DNAPARS (Felsenstein, 2004).
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Estimation of Ka and Ks

Each orthologous protein sequences were alignedb\5CLE, and then back-
translated into codon alignments. The maximum ilked computation of synonymous (Ks)
and non-synonymous (Ka) substitution rates and théio () for each orthologous pairs of
sequences was performed using CODEML from the PAMiackage (Yang, 2007). For the
comparison of EhV-86/EhV-163 orthologs, we discdrddl the sequence pairs showing
estimated evolutionary parameters (Ks, Ka) with %56f standard errors and those having
Ks>1.0.

4. Results

Emiliania huxleyi possesses a full set of sphingolipid biosynthesis genes

Homologs of the seven viral proteins predicted te Involved in the
sphingolipid/ceramide biosynthesis were readilyntified (BLASTP, E-value<1®?) in theE.
huxleyigenome (Table 1). Remarkably, thésehuxleyiproteins (except for SPT) were the
most similar to their viral counterparts, with whithey shared from 26% to 49% identical
residues. In addition, a 3-KSR homolog, apparemtligsing in EhV-86 genome, was
identified in theE. huxleyigenome using green plant and yeast 3-KSR sequeascggeries.
These host enzymes were found encoded in the mafdiifferent scaffolds with various
sizes from 28 Kb up to 3 Mb, thus do not clustea small region of a host chromosome. The
host and viral protein sequences were aligned withide phylogenetic array of homologs,
and were examined regarding the conservation o¥iquely reported sequence features
(Jiang et al., 1998; Lindqvist et al., 1996; Mittrend Martin, 1997; Oh et al., 1997; Stukey
and Carman, 1997; Winter and Ponting, 2002). Wditnad the presence of most of the
sequence motifs and conserved catalytic residugs $&), suggesting that both viral and host
enzymes are functional.

The viral LPP (ehv079) and its closest host homdld@l_193908) belong to the
phosphatidic acid phosphatase type 2 (PAP2) supiyfdPfam PF01569; E-value<7xtp
At least six PAP2 superfamily proteins were founttagled in theE. huxleyi genome.
Notably, one of the PAP2 sequences was locatedhén G-terminus of JGI_432901

corresponding to the enzyme SPT (E-value=0.008@)cating a fusion of three domains for
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the protein (LCB2, LCB1 and PAP2; Fig. 2). We fouheé same tri-domain architecture in

the homologous protein from the green alyaauri.

LCB-1 — PAP2 A

E.huxleyi

6

EhV-86

O.tauri

Entamoeba

"

Figure 2. Domain architectures of serine palmitoyltransfesasem E. huxleyj EhV-86, O. tauri and
Entamoebaspp. LCB2-like domains correspond to red ovalsBLLdike domain pink ovals, and PAP2 domains
green rectangles. Background gray scales corredjotig level of sequence similarity from tBehuxleyiSPT

sequence (darker grey for higher BLAST scores).

E. huxleyithus possesses a complete set of enzymes for tinegsppid biosynthesis.
We attempted to detect a distant 3-KSR homologhW-B6, using the newly identified host
3-KSR sequence and a Pfam profile for 3-KSRs (PB6Plas queries, but no such

homologue could be found in the viral genome.

Evidence of horizontal gene transfers between giant DNA virus and its eukaryotic host

Maximum likelihood phylogenetic trees were recomstied for the seven sphingolipid
biosynthesis enzymes shared by EhV-86 Enlduxleyi,including the widest taxonomic range
of homologs available in GenBank (Fig. 3, Fig. S).all cases, the trees displayed a
monophyletic grouping of EnV-86 artel huxleyisequences, including their respective SPT's
LCB1 and LCB2 domains (Fig. 3a). In five cases, %90ootstrap values supported the
clustering of EhV-86 ande. huxleyi protein sequences (96% for the C-terminal LCB1
domain, Fig. 3a; 100% for the LAG1, Fig. 3b; 1008t the Dsd1-like FAD, Fig. 3d; 100%

for the sterol desaturase, Fig. S2A; and 91% fer tthnsmembrane fatty acid elongation
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protein, Fig. S2C). The branching positions of Bie//E. huxleyisequence groups for these
genes are generally compatible with a deep phyletyenorigin of E. huxleyi within
eukaryotes, except for the Acol-like FADs (Fig. $2B

These results strongly suggest that the seven @ggplipid biosynthesis genes were
horizontally transferred between the eukaryotic amdl lineages leading t&. huxleyiand
EhV-86, respectively. The EhE/ huxleyiAcol-like homologs were more similar to bacterial
homologs than to eukaryotic homologs in terms dhlmomain organization and sequence;
fungal homologs have two delta-9-desaturase domamalsan additional chytochronig-
domain (Sperling et al., 2003), while a single aéltdesaturase domain was identified for

EhV, E. huxleyiand bacterial homologs.

Legend of Figure 3 (next page)Maximum likelihood phylogenetic trees based ongheno acid sequences of
the four central enzymes in the sphingolipid bidkgsis pathway. (a) Serine palmitoyltransferase 1.GRd
LCB2 domain sequences and their homologs. (b) Digetamide synthases (LAG1). (c) Dsd1-like fattidac
desaturases. (d) Lipid phosphate phosphatase (tRPRAP2-domain sequence from taehuxleyiSPT, and
their homologs. These trees are unrogtedse although we have arbitrarily chosen a root (nyolsyl mid-point
rooting) for each tree only for visualization puspo The number of substitutions per site is indidainder the
scale bar. In (d), sequences best hitting to spising 1-phosphate phosphatases (cd03388) after /SOBI
searches are marked by ‘#, those best hittinghtosphatidic acid phosphatases (cd03390) are mdket,
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and those best hitting to the wunen subfamily sege® (a family of membrane associated phosphadiciit

phosphatases; cd03384) are marked by ‘§’.
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Viral sphingolipid biosynthesis genes are widespread and functional

To further assess the presence and function asghengolipid/ceramide biosynthesis
genes in thé&. huxleylEhV system, we looked for 6 of them in varidoshuxleyiand EhV
strains covering a wide geographic range (Table \&&)could successfully PCR amplify and
sequence most of the genes in the host strainsalaod them, except for 3-KSR, in the 11
virus strains. The sphingolipid biosynthesis getiess appear to be prevalent in differént
huxleyi and EhV strains. The amplified gene sequences ftemhost strains were highly
similar (Fig. S3). In contrast, the viral sequeneghibited substantial inter-strain variation,
and were further used to investigate the functistetus of the encoded enzymes by assessing
evolutionary rates and selection pressure at theesee level.

Maximum parsimony trees for the five genes from #heven viral strains showed
topologies compatible with each other and revealellistering of the strains into two groups,
I and 1l (Fig. S4). This clustering is consistenthaprevious reports (Allen et al., 2007), and
correlates with the isolation time points and/oogyaphical origins of the strains (Table S1).
Group | is composed of three strains isolated ftbe English Channel in 1999 and three
strains isolated during mesocosm experiments invisgrin 2000 and 2003, while group Il
comprises exclusively strains isolated from the IEhgChannel in 2001. We computed
synonymous (Ks) and non-synonymous (Ka) substitutetes, and their ratio (Ka/Ke¥
between group | and group Il sequences (Table 12¢. veragey values were substantially
below 1 ranging from 0.09 for Acol-like FAD to 0.8 LPP.

Table 2. Nucleotide substitution rates and their ratio lef viral sphingolipid biosynthesis genes measured b

the comparisons between the group | and groupdinst

Genes Ka Ks ' o

SPT 0.005 (0 —0.021)  0.044 (0.034 — 0.060)101 (0.001 — 0.336)
LAG1 0.0120.011 - 0.014  0.074 (0.055 — 0.088)176 (0.134 — 0.224)
Dsd1-like FAD 0.0232 0.1141 0.2036
Acol-like FAD 0.008 (0.002 — 0.013)0.084 (0.083 — 0.086)0.093 (0.032 — 0.154)
LPP 0.014 (0.011 — 0.016) 0.038 (0.029 — 0.058)383 (0.312 — 0.49)

T The average Ka, Ks andsalues followed by the range in parentheses.

Finally, we assessed the evolutionary rates o¥/ita sphingolipid biosynthesis genes
relative to other EhV genes by computing Ka anduébies for orthologous gene pairs
between two viral strains, EhV-86 and EhV-163 (Alket al., 2006b). The substitution rates
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of the sphingolipid biosynthesis related genes Wewad comparable to those of other EhV
genes (Fig. 4). Overall, our results suggest thgative selection acted on these viral genes,

again supporting that they are fully functional.

0.5

04
0.3-
Ka .

0.2-

0.a-

0.2 04 0.6 0.3 1

Ks

’ sphingolipid bicsynthesis genes

() other genes

Figure 4. Synonymous (Ks) and non-synonymous (Ka) substitutides for the orthologous sequences between
EhV-86 and EhV-163. Of the seven EhV-86 sphingdlimzyme genes, EhV-163 orthologs were found for fo
genes (SPT, LAG1, Dsd1-like FAD, LPP), which ardidated in red rectangles in this figure.

5. Discussion

We have provided here clear evidence supporting (d3detweerk. huxleyiand EhV
for seven genes probably involved in the biosynghegsphingolipids. Given the previously
reported co-transcription of the viral genes (Aletnal., 2006a) and the validated enzymatic
activity of the viral SPT (Han et al., 2006), all these viral enzymes are likely to be
functional. The prevalence of those genes in a waahgie of host and virus strains and the
pattern of their amino acid and DNA sequence coagien revealed by this study further

support that these enzymes are functional in Bottiuxleyiand EhVs.
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The presence of conserved sequence motifs angtiatasidues in the viral and host
enzyme sequences, and their phylogenetic positatisn individual enzyme families are
generally compatible with the current annotatiohtheir enzymatic functions. Regarding the
classification of these putative enzymes, the PARPerfamily sequences are worth
mentioning. The enzyme LPP belongs to the PAP2rkupdy, which includes a variety of
phosphatase subfamilies (Pfam PF01569). Our phgktgeanalysis (Fig. 3c) indicates that
the viral LPP (ehv079) and its closest host homald@l _193908) are more similar to
phosphatidic acid phosphatases than to sphingadspt®sphate phosphatases. Thushitrea
fide substrate of these LPPs may not be sphingosineodphate. By contrast, the PAP2
domain embedded in the C-terminal region of EhehuxleyiSPT sequence (JGI_432901)
appears more similar to many sphingosine 1-phospgitaisphatases than other phosphatases.
This algal protein may thus be involved in two st steps shown in the
sphingolipid/ceramide biosynthesis pathway modéligq 1.

Wilson et al. (2005b) originally proposed that the viral enzymesuld be part of a
viral lysis strategy to kill the host cell. Thispothesis was based on the role of ceramide as
an inducer of cell death in mammalian and yea$s ¢€luenther et al., 2008). The presence of
eight protease genes in the EhV-86 genome (Wildoal.e 2005b) parallels the known
connection between protease activation and ceraméileed programmed cell death in
mammalian cells (Siskind, 2005; Susin et al., 19B1]le et al. (2007) recently demonstrated
the activation of programmed cell death Bf huxleyi cells upon EhV infection and
concomitant induction of host metacaspases. Notahly EhV-86 genome encodes eight
proteins with caspase cleavage recognition sequemzis. Wilson et al. (2009) also
suggested that the viral sphingolipid biosynthgsthway might act to temporarily inhibit
cell death process to prolong the length of intectiGiven the wide variety of eukaryotic
signaling pathways known to be induced by sphipgadi, however, possible biological roles
of the viral sphingolipid pathway may not be neeei$g linked to the control of lysis. For
example, the viral sphingolipid biosynthesis mayeha direct role in the highly specific
cell/virus recognition processes involving membrangractions (Allen et al., 2008).
Sphingolipids have fundamental functions in hoskpgen membrane interactions
(Riethmuller et al., 2006), through the organizattd membrane domains (called “membrane
rafts”) where different sphingolipids, cholesterokceptors and signaling molecules are
recruited to coordinate the dynamics of membranecttres. EhV virions are thought to
contain a lipid membrane layer within their capsaich in turn is enveloped by another

lipid membrane upon their release from cells (Alknal., 2008). The EhV sphingolipid
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biosynthesis enzymes may thus modulate the lippdilprof the host and/or viral membranes
(Han et al., 2006) to facilitate the release of lyefermed virions by membrane budding
(Allen et al., 2008) or to enhance the host-visognition process upon infection. It is also
worth noting a recently revealed connection betwbN infectivity and host’s life cycle.
Fradaet al. showed that EhVs are capable of infecting theattipphase oE. huxleyicells,
but not the haploid phase of this alga (Frada et2808). Intriguingly, sphingolipids are
known to be involved in the regulation of meiotiwision in higher animals (Strum et al.,
1995; Yang et al., 2004). Given this new connegtibms tempting to speculate that EhVs
may take advantage of their own sphingolipid paghteacontrol host's sexual life cycle.

Mixing of genetic pools between viruses and theiste by horizontal transfer or
through symbiotic association might have playedificant roles in the evolution of viruses
as well as of their hosts. The “eukaryogenesisdithéBell, 2001; Takemura, 2001) proposes
that viruses might have been at the origin of theleus and that viruses have provided
several “viral” features to primitive cells, whicdire now seen as properties of modern
eukaryotic cells. Early and possibly bi-direction@llaverie, 2006) genetic exchanges
between viruses and their hosts through such aepsocould lead to a situation where
homologs of certain viral genes were found in allneost of modern eukaryotic species
(Claverie, 2006; Roossinck, 2005; Villarreal, 2Q0&3 previously proposed for instance for
the eukaryotic DNA polymerase (Forterre, 2006cjavikal and DeFilippis, 2000). However,
such early evolutionary processes prior to therdmece of major eukaryotic lineages do not
readily explain the HGT(s) of the sphingolipid biothesis genes analyzed in this study,
since the viral sphingolipid genes show a much driggequence similarity to tHe huxleyi
homologs than to the homologs in other eukarydtes;HGT(s) are likely to have occurred
after the separation of the lineage leadingEto huxleyi from other major lineages of
eukaryotes.

Regarding the possible direction of the sphingdlipathway gene transfer, the
direction from viruses to the ancestorstofhuxleyi(“V2H direction”) has an advantage in
that it would easily minimize the number of reqdievolutionary events by invoking genome
or en blocgene transfer. The sphingolipid genes are disgersdoth the EhV-86 and.
huxleyigenomes. Transfer of all or part of a relativelyafinviral genome to a larger host
genome (by unknown mechanism), probably followedtly elimination of the original
eukaryotic homologs, would require fewer evolutignateps than the transfer of a set of
genes in the reverse direction. The V2H scenaralipts that thé&e. huxleyihomologs may

retain viral homolog-like properties that are migsin other protist lineages. In this regard,
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the atypical fusion of the LCB2/LCB1 domains in SPHig. 2) would deserve future
investigation. The domain fusion was observed mdy om EhVs andE. huxleyibut also in
other eukaryotes such &s tauri andEntamoebeaclearly placed outside the group of ERV/
huxleyisequences in the LCB2/LCBL1 tree (Fig. 3a). Notadtyadditional PAP2-domain was
found in the SPTs oE. huxleyiand O. tauri. Whether these SPT domain organizations
support the V2H scenario is unclear due to the laickstimate for the relative frequency
between this sort of domain fusion/deletion andeggansfer among viruses and eukaryotes.
Sequencing of other protists including other membef the Haptophyta may provide
important clues to better understand the origithefSPT domain organizations and to assess
the likeliness of the V2H hypothesis. The V2H hymsis implies that sphingolipid
biosynthesis pathway genes were present in thenges@f very ancestral viruses infecting
primitive eukaryotic cells.

The direction from the ancestors Bf huxleyior their relatives to the viral lineages
leading to EhV (“H2V direction”) is also possiblachappears more parsimonious than the
V2H direction in several aspects. First, theserggdlipid genes are ubiquitous in eukaryotes.
The V2H scenario would require an additional andie@aHGT for a set of these genes
between ancestral eukaryotes and ancestral vifimemstance, an earlier HGT prior to the
divergence of eukaryotic lineages). Furthermore knanching positions of the EHS/
huxleyi sequence groups for these genes are globally ddigaith a deep phylogenetic
origin of E. huxleyiwithin eukaryotes, with one exception for the viaad host Acol-like
FADs (Fig. S2B). The V2H scenario would requireaalditional evolutionary mechanism (or
constraint) forcing the sequences of the EhV hogmlto be placed near the basis of
eukaryotic trees without long branches. It shoutdnbted that branches longer for viruses
than for their eukaryotic hosts are often obtairi®d phylogenetic tree reconstruction
(Claverie, Abergel, and Ogata, 2009; Forterre aradieBe, 2009; Moreira and Brochier-
Armanet, 2008). In the H2V scenario, the viral asijion of the sphingolipid enzyme genes
was probably gradual, through multiple HGT evemégher than through a singen bloc
transfer of multiple genes. However, it is diffitwb reliably assess the relative timing of
these HGT events from the current sequence datataluke large sequence divergence
between the viral and host homologs. The initiajuégition of one of the genes of this
metabolic pathway, for instance the enzyme SPT (#te limiting step of this pathway),
might have been sufficient for the virus to staddulating its host’s life span or lipid profile,
thus giving this altered virus a selective advaatag other viral strains. The later acquisitions

of additional genes could have further enhancedvitaé capacity to modulate the cellular
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metabolism. This type of serial gene acquisitioralwrus could be a possible way to increase
its fitness, and might be a driving force in thedRgueen evolution of viral strains infecting

the same host species.
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7. Supplementary data - Tables

Table S1.Name and origin of the EhV arfimiliania huxleyistrains utilized for PCR/sequencing of 6 genes

involved in the sphingolipid biosynthesis.

Strains Year Area’ PCR amplification”
SPT LAG1 Dsdl LPP Acol 3-KSR

Virus (group)

EhV-84 (1) 1999 EC + + + + + NA
EhV-86 (1) 1999 EC + + + + + NA
EhV-88 (1) 1999 EC + + + + + NA
EhV-V1 (1) 2003 RN + + + + + NA
EhV-V2 (1) 2003 RN + + + + + NA
EhV-163 (1) 2000 RN + + + + + NA
EhV-201 (Il) 2001 EC + + + + + NA
EhV-202 (II) 2001 EC + + + + + NA
EhV-205 (Il) 2001 EC + + + + + NA
EhV-207 (Il) 2001 EC + + + + + NA
EhV-208 (II) 2001 EC + + + + + NA
E. huxleyi
RCC1242 (CCMP1516) 1991 Pacific Ocean/ + + + + + +
Offshore Peru
RCC1215 (TW1) 1998 MSS + + + + + +
RCC 1259 (CCMP374) 1989 Gulf of Maine + + + + + +
RCC1255 (CCMP370) 1959 Oslo Fjord + - + + + +
RCC1235 (VF20) 2006 Mediterranean Sea+ + + + + -
(France)
RCC1253 (0S-2) 2006 Sea of Japan + + + + - -

* EC: Western English Channel (off the coast of Riwh, UK); RN: Raunefjorden (Western Norway duringh@socosm
experiment); MSS: Mediterranean Sea (Spain). Sheo8deret al. (2002) for more detail on the EhV isolates.
T + for positive, and — for negative amplification.
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Table S2.List of the different primers used for this study.

Product
Target Gene Oligo Name  Direction  Position Oligo Sequence Size
Emiliania huxleyi
Serine palmitoyltranferase CP_EX_1F Forward 1023 GACGAGGTCTTCAAGCAG 668
Serine palmitoyltranferase CP_EX_ 1R Reverse 1690 GCBGACGTAGAGGTCAATC
3 ketosphinganine reductase CP_EX_2F Forward 338 GPRECAGGTCGTCTTTCTC 574
3 ketosphinganine reductase CP_EX 2R Reverse 911 CTAGTAGTCGGGCGTGAG
Dihydrocermaide synthase CP_EX_3F Forward 356 TGCAGCTGGTGTACCTC 508
Dihydrocermaide synthase CP_EX 3R Reverse 863 TCCRIZTTGCCACTTAG
Dihydrocermaide desaturase DSDL1 like CP_EX_4F Fatwa 43 GAGGTGAAGCAGCTCTTTGG 681
Dihydrocermaide desaturase DSDL1 like CP_EX_4R Rever 723 CCAGTTGTACGAGCTTGCAG
Fatty acid desaturase Acol like CP_EX_5F Forward 4 AATCTGCTGCTGACGATGG 508
Fatty acid desaturase Acol like CP_EX 5R Reverse 1 51 GGTTTCGGATGTTGAACCAC
Sphingosine 1 phosphate phosphatase CP_EX_6F febrwar 156 CATCATCAACATCGCAGGAG 517
Sphingosine 1 phosphate phosphatase CP_EX_6R Revers 672 GAATGCGCCAGCCACTAC
EhV
Serine palmitoytransferase CP_EhV_1F Forward 1475 CAGBCGTTTCGGTGAAAAAG 508
Serine palmitoytransferase CP_EhV_1R Reverse 1982 GCAATGCGATAATACATGG
Dihydroceramide synthase CP_EhV_2F Forward 337 GGGGITTATATTCACCA 510
Dihydroceramide synthase CP_EhV_2R Reverse 846 CAGEBCTGCAATGACTT
Dihydroceramide destaurase DSD1-like CP_EhV_3F Bodw 51 GCATGCTGAACGTAAGCAAA 571
Dihydroceramide destaurase DSD1-like CP_EhV_3R Reve 621 AAATGGGGCGATACCATACA
Fatty acid destaurase Acol-like CP_EhV_4F Forward 70 1 CGCATTCCGCATATAAAACA 540
Fatty acid destaurase Acol-like CP_EhV_4R Reverse 09 7 TACCAAGCGATGGCCTTACT
Sphingosine 1 phosphate phosphatase CP_EhV_5F febrwa 150 TGATCATCCGCTGATTGAAG 531

Sphingosine 1 phosphate phosphatase CP_EhV_5R dRever 680 AACCCGCCAATTAAAAATCC
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9. Supplementary data — Figures

SPT N-terminal domain (LCB2)
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Figure S1. Multiple sequence alignments for the sphingolipid biosynthesis enzymes (explanation and continuation on next page).
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Figure S1. (cont.) The positions of previously reported catalytic residues, residues located in the active sites, and other conserved residues are
respectively highlighted in red, vellow and evan colored bars. Consensus sequences for those conserved residues are indicated under the bars.
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Figure S1. (cont.)
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Figure S1. (cont.)

QD
%

Rl

258
265
296
B60B
317
321
358
354
340

217
277
187
187
187
255
211
201
256
243
259

163
183
183
494
209
213
249
24%
231

78



HGT of a sphingolipid metabolic pathway

Chapter 3

¥p_293785_EhV

JGEI_210457_E.huxleyi
KP_749252_A. fumigatus
NP_425763_C.elegans
NP_OCL0B9824_X. laevis
HP_001636558_N.vectensis
EAWG1630_H.saplens

¥YP_293785_EhV
JGEI_210457_E.huxleyi
XP_749252_A.Fumigatus
NP_4%5763_C.elegans
NP_OCLO0B9824_X. laevis
XP_001636558_N.vectensis
EAWG1630_H.sapiens

YP_293831_EhV
JGI_T70214_E. huxleyi
NWP_039011_Fowlpox_virus
KP_629422_D.discolideum
XP_446571_C.glabrata
XP_001670492_C . briggsae
CRE05092_T.nigroviridis
ARVETTST_O . tauri

¥P_293831_EhV
JGI_T0214_E. huxleyi
NP_039011_Fowlpox wvirus
Xp_§29422_p . disceideum
XP_446571_C.glabrata
XP_001670492_C.briggsae
CRG05092_T.nigroviridis
ARVETTIT_O tauri

¥YP_293831_EhV
JEI_70214_E. huxleyi
NP_0392011_Fowlpox wvirus
XP_§29422_D . disceideum
XP_446571_C.glabrata
*P_001670492_C.briggsae
CAGO5082_T.nigroviridis
ARVETTAT_O tauri

Figure S1. (cont.)
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Figure S2.Maximum likelihood phylogenetic trees based on the amino acid sequences of three enzymes predicted to be
involved in the sphingolipid biosynthesis pathway. (a) Sterol desaturase. (b) Acol-like fatty acid desaturase. (c)
Transmembrane fatty acid elongation protein. The number of substitutions per site is indicated under the scale bar.

These trees are unrooted per se, although we have arbitrarily chosen aroot (mostly by mid-point rooting) for each tree
only for visualization purpose.
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Figure 83.  Multiple alignments of the nucleotide sequences for the sphingolipid biosynthesis genes PCR-amplified from
different host and virus strains/isolates. The first base of an upstream codon is indicated by a yellow arrow, and the last base of a
downstream codon is indicated by a red arrow. (a) viral serine palmitoyltransferases. (b) viral dihydroceramide synthases. (¢) viral
Dsdl-like fatty acid desaturases. (d) viral Acol-like fatty acid desaturases. (e) viral lipid phosphate phosphatases. (f) host serine
palmitoyltransferases. (g) host 3-ketosphinganine reductases. (h) host dihydroceramide synthases. (i) host Dsd1-like fatty acid

desaturases. (j) host Acol-like fatty acid desaturases. (k) host lipid phosphate phosphatases. “ehux™ denotes E. huxlevi.
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Host-virus shift of the sphingolipid pathway alongan Emiliania
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1. Summary

The interactions between viruses and phytoplankiay a key role in shaping the
ecological and evolutionary dynamics of oceanicsgstems. One of the most fascinating
examples of horizontal gene transfer between argake host and its virus is de novo
sphingolipid biosynthesis pathway (SBP) found i& ¢fenomes of botBmiliania huxleyiand
its coccolithovirus EhV-86. Here, we focus on aunaltE. huxleyicoccolithovirus system off
the coast of Norway and investigate the dynamicshadt and virus homologous gene
expression for two of the most important sphingdlipiosynthesis enzymes, serine palmitoyl
transferase (SPT) and dihydroceramide desaturaS®)Drranscriptional dynamics display
three defined stages alolg huxleyibloom formation and decline, with the coccolithrogi
transcripts taking over and controlling the SBRtieges 2 and 3. The observed patterns fit the
hypothesis according to which viral sphingolipide @nvolved in the timing and physical
processes of virion release from the host cellss $tudy provides a unique insight into the
transcriptional interplay of homologous metabolathays between virus and host during

temporal progression of oceaikic huxleyiblooms.

* Published in Environmental Microbiology 11(11840-2848, 2009
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2. Introduction

Viruses that infect phytoplankton play a key rote shaping the evolution and
dynamics of the oceanic micro-scale ecosystem (Rahy 1999; Sandaa, 2008; Sulttle,
2005b). Several studies have highlighted the rdlevimuses as major triggers for high
phytoplankton turnover rates, a process termedvitla shunt (Wilhelm and Suttle, 1999).
The interplay of viruses with their host commurstie complex, and may assume different
forms. Traditionally regarded as simple agents airtadity and catalysts for nutrient
transformation (Suttle, 2005b; Weinbauer and Rdsgadegan, 2004), viruses are now also
believed to play a fundamental role in controllitng biodiversity and functioning of their
host communities (Frada et al., 2008; Thingsta®02d hingstad and Lignell, 1997). More
recently, studies have revealed that host-viruse gesnsfers significantly contribute to the
emergence of novel viral infection strategies iar@bacteria/phage systems (Clokie et al.,
2006; Lindell et al., 2005; Lindell et al., 2004jlMdrd et al., 2004; Yoshida et al., 2008).

One of the rare and most fascinating examples oztwtal gene transfer between a
eukaryotic host and its virus is the almost congld¢ novo sphingolipid biosynthesis
pathway (SBP) found in the genomedohiliania huxleyi(Haptophyta) and its virus EhV-86
(Coccaolithovirus; Phycodnaviridae) (Monier et &009; Wilson et al., 2005bEmiliania
huxleyi (Lohmann) Hay et Mohler, a single celled phytogtan, is the most abundant and
ubiquitous coccolithophore in today’s oceans (Broamd Yoder, 1994). Despite its very
young age (estimated at 260,000 years) (Thierstgitzenauer, and Molfino, 1977,
huxleyiis a key player in global ecology, in particulaanme primary productivity and the
biogeochemical cycles of carbon and sulphur (Blugilal., 2002; Westbroek et al., 1993).
Recently, it became clear that specific virusescéweely linked to the sudden crashes of the
vast coastal and mid oceartic huxleyiblooms (Bratbak, Egge, and Heldal, 1993; Brathiak e
al., 1996; Castberg et al., 2002; Jacquet et @D22Schroeder et al., 2003; Wilson et al.,
2002).

The eukaryotiocde novoSBP leads to the production of ceramide (Mer@D02), a
metabolite implicated in the regulation of criticegllular processes such as senescence,
differentiation, apoptosis, and cell cycle arrést & review see Hannun and Obeid, 2008 and
references therein). Allen et al. (2006) demonstrdahat the viral SBP genes are expressed
during infection under laboratory conditions, arfte tfunctionality of the viral serine
palmitoyl transferase (SPT), the first and rateitimy enzyme of sphingolipid biosynthesis,

was confirmed using an over-expression system @tah, 2006).
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On the other hand, numerous studies on eukaryog@nesms have demonstrated the
involvement of viruses in the control of host Peagmed Cell Death (PCD), either repressing
or triggering its activation (see Hay and KannoigaR002 for a clear and extended review).
Although counter intuitive, PCD has the potential de an advantageous mechanism to
maximise virion spread. In such case, the apoptiginise of a cell results in the formation of
small membrane-bound entities known as apoptotitigso Apoptotic bodies are commonly
consumed by the phagocytic action of neighbourialiscthus providing a route for the
dissemination of the virus (Teodoro and Branton97)9 Recently, a study showing the
involvement of coccolithovirus in metacaspase atibn further speculated that this virus
could be using its own SBP pathway to trigger tbst’s PCD (Bidle et al., 2007).

Here, we focus on a naturl8l. huxleyicoccolithovirus system and investigate the
dynamics of host and virus gene expression for tfvéthe most important SBP enzymes,
serine palmitoyl transferase (SPT) and dihydrocetardesaturase (DCD). SPT catalyses the
first and rate-limiting step of the pathway, whikcD leads to direct production of ceramide
(Merrill, 2002; Perry et al., 2000). A mesocosmiemvment was used to monitor, for the first
time, the transcription levels of both host andusithomologous SBP genes in a marine
microbial community during temporal progression atetline of a naturally occurring.

huxleyibloom.

3. Experimental Procedures

Set-up of the mesocosm experiment

TheE. huxleyiinduced blooms were conducted in the Raunefjordésstern Norway
coast, at the Marine Biological Field Station, fiof days (8 to the 2 of June 2008). Six
mesocosm bags (11°reach) were filled with unfiltered Fjord water puaabfrom 10m depth
adjacent to the raft. Homogeneous water massesnwitie enclosures were ensured by
pumping water from the bottom of the bag to thdasa. The 6 enclosures were divided in 2
treatment groups allowing triplication of each treant: phosphate replete (enclosures #1, #3
and #5) and phosphate deplete (enclosures #2,d#@nNutrients were added approx 1500
h daily at an N:P ratio of 15:1 (1.5 uM Najlénd 0.1 uM KHPQ,) to the phosphate replete
enclosures and at a ratio of 75:1 (1.5 puM Nagh@d 0.02 uM KHPQ,) to the phosphate

deplete enclosures. Only samples from the phospkatete enclosures (#1, #3 and #5) are
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used for the purpose of this current study. Foully damples (0600 h, 1200 h, 1800 h, and
2400 h) were taken from the surface of each mesoeath 20 L carboys. The carboys were

immediately brought back to the lab for sampledtion.

Flow Cytometry

Emiliania huxleyiand Coccolithovirus concentrations in each bagewmeasured
using flow cytometry (FCM). All FCM analyses wererfprmed with a FACSCalibur flow
cytometer (Becton Dickinson, Franklin Lakes, NJ,A)®quipped with an air-cooled laser
providing 15 mW at 488 nm and with standard filsetup. Algal counts were taken from
fresh samples, while for viruses the samples wemedfwith glutaraldehyde (0.5% final
concentration), stored at 4°C in the dark for 3@,nrozen in liquid nitrogen and stored at -
80°C (Marie et al., 1999). The samples were stawmigid SYBR Green | (Molecular Probes,
Eugene, OR, USA) and analysed according to Mara. €1999).

RNA extraction

Water samples (1.5 L) from each experimental bage itered onto 0.45-pum-pore-
size, 47-mm-diameter Supor-450 filters (PALL Corf.he cells were resuspended from the
filter using 2 ml PBS buffer, and transferred iato Eppendorff tube. Tubes were centrifuged
for 1 min at 15500 x g, and the supernatant diszhrilotal RNA was extracted with RNeasy
Midi Kits (Qiagen) according to the manufacturer’s instangi Briefly, the samples were
resuspended in 2 ml RLT lysis buffer, vortexed Xanin. (5 sec. bursts), and spun for 5 min
at 15500 x g. The supernatant was transferred neva tube, and the nucleic acids were
precipitated using 2 ml of 70% ethanol. The samplese loaded onto an RNA-binding
midiprep column (Qiagen). The column was washet WitV1 and RPE solutions, and RNA
was eluted in 20QI of RNase free water. To remove contaminating D%, samples were
DNase treated twice for 25 min. at 37° C with 2 UTarbo DNA-free kit (Ambion)
according to the manufacturer’s instructions. Thaliy of the RNA samples was determined
with a Bioanalyzer 2100 (Agilent, Waldbronn, Geriparsamples were stored at -80° C until

further use.
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Reverse Transcription

The quantity of the isolated RNA samples was meabwith a NanoDrop ND 1000
(NanoDrop Technologies, Wilmington, DE). RNA waweese-transcribed into first-strand
cDNA using Superscript Il (Invitrogen). In each €a200 ng of total RNA was combined
with 250 ng of random hexamer primers (Promega)l, Arul dNTP mix (10 mM each),
heated to 65° C for 2 min and snap cooled on ic& fmin. Reaction buffer (5 x) and DTT
were added to the respective concentrations ohiix1@ mM, the contents were gently mixed
and incubated at 25° C for 2 min. 200 U of Sup@sdl enzyme were added for a final
volume of 20 pl. Reactions were incubated at 4ZdrC50 min, after which SuperScript 11
was inactivated by incubation at 70° C for 15 nacidNA samples were then diluted in 100 ul
of DNase free water. For DNA contamination conRNA (200 ng) was diluted in DNase

free water without being subjected to reverse tapson. All samples were stored at -20 °C.

Primer design and real-time PCR procedures

Primers were designed to target two key homologgplsngolipid pathway genes
from E. huxleyiand coccolithovirus: the serine palmitoyl tranager, and dihydroceramide
desaturaseE. huxleyi'sp-tubulin and coccolithovirus major capsid proteings were also
used to serve as biological controls of host fisnesd infection stage, respectively (Table S1).
All primers were built based on sequence alignmerdisiding a wide geographical range of
either E. huxleyior EhV strains (check Table S2 for details onisti@igin and Genbank
sequence accession numbers). They were desigreedan of the genes that were conserved
among all the tested viral &. huxleyistrains, respectively. Sequence alignments foSRE
and DCD genes were extracted from Monier et al0920The significant genetic distance
separating the viral and host homologues facilitale design oE. huxleyiand EhV specific
primers (Figures S1 and S2, for SPT and DCD, resm@by). Regular PCR using monoclonal
E. huxleyicultures and EhV isolates was used to confirm @rinspecificity and range. MCP
gene sequences from Genbank were aligned (Figureai®B used to design EhV primers
tested against multiple viral strains. The huxleyip-tubulin primers were designed from
conservative parts of th&. huxleyi CCMP1516 relevant sequence (genome project
http://genome.jgi-psf.org/Emihul/Emihul.home.htiotein ID: 451245). Regular PCR and
sequencing were then used to confirm that thi®sptimers amplifies the target@dtubulin

gene sequence among a wide rangk.dfuxleyistrains (Figure S4). These novel sequences
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were submitted to GenBank (Table S2). All primetsseere created using the online

application Primer3 (http://frodo.wi.mit.edu/prind&nput.htm) (Rozen and Skaletsky, 2000).

Each gene was cloned using the pGEM-T cloningRibinega), in order to generate standard
serial dilutions and test primer efficiency.

Quantitative real-time PCR assays were performed itotal volume of 20ul
containing 4ul of the above-described cDNA, 0.0 each of the 3and 5 primers, 1Qul of
Absolutd™ gPCR Syb? Green Rox Mix (Thermo Fisher Scientific - Abgefeance), and
4.4 ul of DNase free water. The amplification protocchsv40 cycles of 95 °C for 15 sec
followed by 60 °C for 1 min. All real-time PCRs weeperformed with a CFB-3240 Chromo4
Detection System (Biorad). For accuracy every sampkasurement was performed in
duplicate, and ran against a non-reverse-transtii®T) control to evaluate percentage of
DNA contamination.

Real-time gPCR data analysis

An assumption-free analysis of gPCR data was usecstimate relative gene
expression values following the method describeRuijter et al. (2009). Based on the raw
SYBR Green | fluorescence data, the applicatiorReigPCR v11.1 (Ruijter et al., 2009) was
first used to calculate individual PCR efficiencfes each sample, followed by an estimation
of mean PCR efficiency (E) and adequate fluorese¢imeshold (F) for each gene. Ct values
were then used to calculate relative expressionega{N) for each gPCR measure according
to the basic equation for PCR amplification [N=P{(&)]. The final expression value for each
gene in each time point was obtained by the diffeeebetween the respective sample and —
RT control values (the latter corresponding to DN@ntamination that should not be

accounted for in an estimation of gene expression).
Data normalization

For each gene the lowest measure of expressiortakaa as the minimum level of
detection. Transcript abundance for each host arad genes was then normalized to the
respective minimum level of detection, and finallyrmalised to the abundancem&mfhuxleyi

cells (previously enumerated by flow cytometry).
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4. Results

General bloom/infection dynamics

E. huxleyi bloom and consequent coccolithovirus infection hes® in a similar
manner in three replicate enclosures (encl.1l, 3)&Fgure 1). Coccolithophore bloom
progression increased exponentially from day 6-8avds, with encl.3 entering exponential
phase approximately 2 days prior to encl.1 and.&niditial E. huxleyiabundance was 1x10
+ 7.3x10 cells mi* in all enclosures, reaching a maximum number b ¢&.5x16, 1.7x10,
1.6x10 cells mi*in encl.1, 3 and 5 respectively) 5-7 days afterdghset of exponential phase
(day 13, 12, and 15 for encl. 1, 3 and 5), folloviegdsharp decline. The declineln huxleyi
numbers coincided with the appearance and exp@héantrease of coccolithoviruses from
day 12 onwards. A maximum concentration of 3.1xddcolithoviruses il was registered
in encl.3 on day 16E. huxleyidecline to pre-bloom abundance following the appece of
coccolithoviruses went to completion in encl.3, s not observed in encl.1 or encl.5, due
to the termination of experimental sampling. Prasi@xperiments under these conditions
have shown that thE. huxleyiand associated coccolithovirus population BErdwuxleyiand
coccolithovirus groups (Bratbak, Egge, and Held#93; Jacquet et al.,, 2002; Martinez-
Martinez et al., 2006b), this was confirmed in thwgrk through quantitative real time PCR

(see below).

Genetranscription analysis

Quantitative real-time PCR was used to determiree dignamics of sphingolipid
pathway gene expression in both huxleyi and coccolithovirus within the natural
community. Total RNA samples obtained during Ehénuxleyiexponential growth phase and
subsequent decline (days 6 — 16) were interrodateiianscript abundance. Coccolithophore
and coccolithovirus-specific primers were desigbeded on alignments of sequences from
multiple Emiliania huxleyiand EhV strains encompassing a wide geographerslty. Thep-
tubulin gene oE. huxleyiwas used to follow a host housekeeping gene trigtisnal levels,
while coccolithovirus major capsid protein (MCP)ngeexpression was monitored as a
general measure of virus propagation (Table SIhirgplipid pathway transcript levels were
monitored using primers for serine palmitoyl tramake (SPT) and dihydroceramide

desaturase (DCD) (the first and last steps of théhvpay, respectively) for both hokt
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huxleyi- and Coccolithovirus-derived transcripts (Table.31yst and viral SPT and DCD
genes were sufficiently divergent (54 % and 57 %leuntide sequence divergence,
respectively) (Monier et al., 2009) to allow thesigm of specific primers for SPTh and SPTv,
and DCDh and DCDv, respectively. Gene expressioasores were normalized to the

concentrations dt. huxleyicells.
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Figure 1. E. huxleyicoccolithovirus abundance in Enclosures 1, 3 aad Betermined by flow cytometry. Grey

areas indicate the sections selected for postgeioe transcription analysis.
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Tubulin expression remained consistently low thiaug the duration of the sampling
period. Initial tubulin transcript levels were appimately 16 relative expression units
(REU), but decreased by an order of magnitude lireratlosures with the onset of bloom
formation (Figure 2). Tubulin transcript abundanesmained low (1-10 REU) in all
enclosures for the remainder of the sampling peredaept in encl.3 where a return to
original pre-bloom levels was observed following thear total demise of the. huxleyi

population (Figure 2).
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Figure 2. Relative gene expression (Log scaleohuxleyip-tubulin and coccolithovirus major capsid protein
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Viral MCP transcript abundance increased exponiniever a 4-5 day period from
an initial 1-10 REU under pre-bloom conditions lheaclosures to maximum levels of over
10" REU (Figure 2). These high levels were maintaineer @ 3-4 day period despite near
total bloom demise in encl.1 and encl.3; encl.5yoattained maximum MCP transcript
abundance 1 day prior to the completion of samplirtge onset of major MCP expression
followed E. huxleyibloom formation by 1 day, but preceded major cbttwavirus release by
approximately 4 days in each enclosure.

SPTh and DCDh followed near identical expressiasfiles, as did SPTv and DCDv (Figure
3). From initial levels between ¥00* REU, there was a general trend to decrease to 1-10
REU observed for SPTh and DCDh over the 10-day Bagiperiod. Conversely, SPTv and
DCDv varied between undetectable and REU initially, decreased with a similar trend to
their host counter parts during the first half bt tsampling period, and then increased
dramatically akin to MCP expression levels in tleeand half of the sampling period. The
dramatic increase in SPTv and DCDv expressioneftels of 16-10* REU in all enclosures)
followed E. huxleyibloom formation by approximately 2 days, precedimgjor virion release

by 3 days in all enclosures.

When considered as a whole, the transcriptionaepet observed for the SBP genes
(SPTh, SPTv, DCDh and DCDv) can be split into 3irdef transcriptional stages along
bloom formation and decline. These stages, intrailsi linked and dependent on host/virus
population abundance, are transcriptionally defimedl not simply based on population
dynamics (i.e. boom and burst phases). The theggspattern was observed in all three
enclosures. In Stage 1 (4-5 days long), huxleyiabundance increases in the exponential
phase as both host and virus SBP relative expredsiels decrease. This slow decrease
continues until a balance point is reached (thgesi#2 boundary) when virus SBP takes over
almost entirely and host SBP is reduced to minimzaiscriptional levels. This event occurred
on day 10 in encl.3 and day 11 in encl.1 and er(Eligure 3).E. huxleyipopulation growth
begins to plateau. Viral SBP transcription increasegponentially through stage 2 which lasts
2-3 days. Virion abundance remains low throughtages 2. The third transcriptional stage is
defined by the onset of a plateau in virus SBP esgion levels (Day 12 in encl.3, day 13 in
encl.1 and encl.5). Virus SBP expression maintagmaximum level throughout Stage 3 as

major coccolithovirus release occurs &cduxleyiabundance rapidly declines.
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lines, respectively) (left axis). Viral capsid vatu(grey lines) were lowered of 2 orders of magidttor better

perception.

5. Discussion

All mesocosm enclosures showed similar expressiofilgp and population dynamics;

the 1-2 day delay observed between encls.1/5 ant3ecan be attributed to the typical

variability inherent to semi-natural

experiments affihez-Martinez et al.,

20064).
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Consistently in all enclosures relatietubulin expression per cell decreased as the viral
infection took over, eventually returning to predin levels by the end of the infection in
encl.3. If encl.1 and encl.5 were sampled beyondldathey too may have shown a similar
increase. The source of tRetubulin in stage-3 could be either resistant dgleells which
have avoided infection, and/or a developing andsviesistant haploid population as has been
observed at bloom demise (Frada et al., 2008).

The coccolithovirus MCP gene displayed a majora@ase in expression that clearly
corresponded to the demand for virion assembly asnsequence of the infection of the
exponentially growingE. huxleyi population. However, the massive demand for virion
assembly components was not reflected immediatelfrée virus abundance which only
increased approximately 4 days after the heavyirement for building components was
induced. This could be due to immediate adsorptfamewly released viruses onto uninfected
cells or, alternatively, intracellular virus retemt by infected hosts prior to total cellular
breakdown after the prolonged 4-day infection pkridhe truth may lie somewhere in
between the two scenarios: infected cells may selegewly synthesised virus at a low rate
initially (and these viruses are rapidly adsorbatbaexponentially growing uninfected cells)
prior to total cellular disruption and major releas their contents.

The expression pattern obtained for the coccoltioop and coccolithovirus SBP
genes tested here suggests that sphingolipid hiussis is a crucial factor for a successful
infection. The reproducible expression profiles esbed for all genes tested in three
independent enclosures reinforce the robustnestheofdata which may well be a good
representation of natural bloom dynamics. The lsgontized decrease in host and viral SBP
expression in stage-1 may hint at an underlyingsgeptional arms race going on within
freshly infected cells. Since tlie huxleyiand EhV SBP genes share a common ancestor, they
may well have conserved ancestral regulatory mesimen(Monier et al., 2009). The infected
host may thus respond to viral infection by rap&heg silencing or transcriptional control
which could account for the observed decrease insvSEBP transcript abundance. The
following rapid and exponential increase in virldPSmessage between days 10/11 and 12/13
(Fig.3) suggests a massive increase in sphingalggdirement as the infection progresses.

The presence of a near complete sphingolipid pathwéhe coccolithovirus genome,
in tandem with its substantial expression during thfection, suggests a crucial role for
sphingolipids in coccolithovirus life cycle. Howayeahe physiological function(s) of the
sphingolipids in either virus or host is still te besolved. In numerous other systedesnovo

ceramide metabolism has been identified as plagingmportant role in bioactive lipid
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signalling, namely the activation of apoptosis arder crucial pathways (Hannun, 1996;
Hannun, Luberto, and Argraves, 2001; Hannun andd)i®95; Hannun and Obeid, 2002;
Hannun and Obeid, 2008). Previously, the produatiba sphingolipid such as ceramide in
this host/virus system has been proposed as atriggchanism foE. huxley programmed
cell death (Allen et al., 2008; Frada et al., 20BBn et al., 2006; Monier et al., 2009),
potentially preventing higher levels of communitgntamination. Yet, the decrease in host
SBP expression observed here suggests a reduatipimduction, of this pathway by the host
in response to infection. The possibility still €si that the virus SBP could actually function
to up regulate PCD in order to promote virion andapoptotic bodies release. The
demonstrated activation of host metacaspase actwitthe coccolithoviruses (Bidle et al.,
2007) adds credence to theory of PCD manipulatibepme level, in this system.

Control of host PCD has been described in otherses belonging to the large family
of NCLDVs (Nucleo-Cytoplasmic Large DNA Virusesih &ll cases viruses were reported to
encode genomic machinery impeding host's PCD (Hay lkannourakis, 2002; McLean et
al., 2008). The potential virus driven activatidnhost PCD described herein remains so far
an isolated and extraordinary feature among the DNA, consistent with the unique life
cycle and propagation strategies exhibited by thecalithovirus and its host (Allen et al.,
20064a; Allen et al., 2006c; Allen, Schroeder, anids@vi, 2006).

However, the assumption that homologous genes peogtbteins with homologous
function has clearly not been tested in this systknmay well be that the sphingolipids
produced by the host using its own SBP are diftestructurally and functionally to those
produced by the viral SBP. For example, it is tangptto speculate that a host specific
sphingolipid could be involved in bioactive lipidgealling among host cells, eventually
triggering meiosis in a part of the cells populatto escape from viral infection (Frada et al.,
2008). In such case, virus specific sphingolipidsyrmvell play the role of stereochemical
mimics inhibiting this process.

Alternatively, the function of the virally producegbhingolipid may be related to its
inherent physical properties in the cell membrahiee observation that exponential virus
assembly (MCP transcription), but not release, ctuwlay prior to the exponential induction
of the virus SBP, suggests that sphingolipids ct@dntrinsically involved in virion release
and not cellular signalling. One theory is thats#enduced sphingolipids promote the
formation of lipid rafts in the membrane becomimgdl points on the membrane for viral
budding and release. Indeed, the accumulation lmhgplipids within infected cells may be

the trigger for virion release; only once a critic@ncentration is reached within the
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membrane do high numbers of virions get releaskis. dould account for the >24 hour delay
in release of virions observed in laboratory expents (Unpublished data).

This study provides a unique insight into the tcapgional interplay between
eukaryotic host and viral homologous metabolic walys that occurs in an infected
population of marine phytoplankton. The gene exgpogspatterns observed clearly show the
existence of strict constraints and stages aloegbtbom/infection process. Ultimately, the
coccolithovirus take-over and control of SBP, pblgsresulting in the distinct separation of
viral capsid production from their release, maypwlimaximal virion outreach. The different
hypotheses here raised demand further researabnhott the transcriptomic level, but also
at the proteomic and metabolomic levels.

The constant evolutionary battle between hosts thad viruses has been ongoing
since life evolved, it is an arms race that wilt eod until either the host or its virus goes
extinct. This year marks the 1B@nniversary since Darwin published his seminalkw/@n
the Origin of the Species” from which the phrase #lurvival of the fittest was born. It is
worth pondering if, in the case of the huxleyicoccolithovirus system described herein, the

survival of the fittest may actually be dependemtlze survival of the fattest.
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8. Supplementary data — Tables

Table S1.E. huxleyiand coccolithovirus primer sequences used instinidy.

Protein name Oligo name  Direction  Position Oligo Sequence Product Size
E. huxleyi
Serine palmitoyl transferase EX_SPT_F Forward 1093 ACTGATTTCCTCCGCATGAC 190
(SPTh) EX_SPT_R Reverse 1282 CGATGCCAAACGAGTAGATG
Dihydroceramide desaturase EX_DCD_F Forward 244 AAGGCGGAGTGGGCGAAC
90
(DCDh) EX_DCD_R Reverse 333 GGCGTGGTAGTAGCGGAAGG
. Tubf_Fw Forward 1037 CGCTGTACGACATCTGCTT
B-tubulin 164
Tubf_Rv Reverse 1201 GGAAGGGGATCATGTTGAC
Coccolithovirus
Serine palmitoyltranferase  EhV_SPT_F Forward 1793 AGTCCGGTATCGTCTTGTCG 190
(SPTv) EhV_SPT_R Reverse 1982 CGCAATGCGATAATACATGG
Dihydroceramide desaturaseEhV_DCD_F  Forward 417 GGACATTTCTTCCGTCATGG
153
(DCDv) EhV_DCD_R  Reverse 569 ACGGTCCAATTTGCAAGAAG
Major capsid protein MCP1Fw Forward 255 ACGCACCCTCAATGTATGGAAGG
90
MCP90RvV Reverse 344 AGCCAACTCAGCAGTCGTTC

(MCP)

108



109

Chapter 4

Host-virus shift of the sgiwtipid pathway

Table S2. Details (year and geographical origin) of the mdowoal E. huxleyistrains and coccolithovirus

isolates used as reference for primer building, @adbank accession numbers of the respective gepesces.

Year Geographical origin’ MCP B-Tubulin SPT** DCD**
Coccolithovirus
EhV-84 1999 EC AF453849 FJ531546 FJ531569
EhV-86 1999 EC AF453848 FJ531547 FJ531570
EhV-88 1999 EC AF453850 FJ531548 FJ531571
EhV-V1 2003 RN FJ531549 FJ531572
EhV-V2 2003 RN FJ531550 FJ531573
EhV-163 2000 RN AF453851 FJ531551 FJ531579
EhV-201 2001 EC AF453857 FJ531552 FJ531574
EhV-202 2001 EC AF453856 FJ531553 FJ531575
EhV-205 2001 EC AF453854 FJ531554 FJ531576
EhV-207 2001 EC AF453853 FJ531555 FJ531578
EhV-208 2001 EC AF453852 FJ531556 FJ531577
E. huxleyi
RCC1242 (CCMP1516) 1991 Pacific Ocean / Offshore Peru Q233275 FJ531558 FJ531565
RCC1215 (TW1) 1998 Mediterranean Sea (Spain) GQ232F3b31559 FJI531567
RCC1259 (CCMP374) 1989 Gulf of Maine GQ232273 FJ531553531564
RCC1255 (CCMP370) 1959 Oslo Fjord GQ232272 FJ531562 31583
RCC1235 (VF20) 2006  Mediterranean Sea (France) GQ&2FIJ531560 FJ531568
RCC1237 (VF22) 2005 Mediterranean Sea (France) GQE322
RCC1247 (ESP7410) 1999 Mediterranean Sea (Spain) X373
RCC1253 (0S-2) 2006 Sea of Japan FJ531561 FJ531566

* EC: Western English Channel (off the coast of Plythg UK); RN: Raunefjorden (Western Norway during @secosm

experiment); See Schroeder et al. (2002) for metaildon the EhV isolates.

** From Monier et al. (in press).
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Novel transcription features unveiled during naturd
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1. Summary

Over the last two decades oceans’ virology hasrpesively increased the distance to
the original global community targeted approach®g¢hile allowing more profound
understanding of specific infection mechanisms ewygd by a few domesticated “lab-model”
viruses, such approaches often are not capableddfessing the complex panoply of
phenomena occurring in the natural environmenteheg employed a microarray approach
to present the first attempt of studying hdsinfliania huxleyj Haptophyta) and virus (EhV;
coccolithovirus; phycodnaviridae) global transasipics occurring within a natural oceanic

community enclosed in a mesocosm. Our results sthahet during host blooms there is a

* Article under preparation. The data here presehie still in the form of a preliminary analysispé should
hence be understood with the corresponding cautliéa.decided to present the analysis done so fangivat
this project consisted of an important part of BfeD program. Further and more robust statisticablrses will 114

be performed before final presentation of thesa dathe broad scientific community.
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synchronized moment of viral takeover clearly retiéel in the global transcriptomic signal.
Among the 279 genes that significantly increaseabinndance from pre to post viral takeover
the majority (52%) corresponded to viral sequerioesvhich there is so far no match in the
protein databasesE. huxleyi and EhV gene transcripts with putative functiorbat
significantly increased abundance from pre to pasi takeover) corresponded not only to
expected functions such as genetic information ggsiog, but also to some less expected
genes probably involved in posttranslational cdnirdgracellular trafficking mechanisms, or
even control of programmed cell death. While fanfrbeing conclusive in what regards the
real role played by these genes, our results digpate that a complex infection strategy is
used by the coccolithovirus, one that faces/demahdsbalanced use of intricate host
machinery, and (2) provide precious lights for gnegressive unveiling of the so far largely
unknown coccolithovirus infection processes andgan functions.

2. Introduction

Over the past two decades the study of oceanioplamnkton has gained progressive
importance as the scientific community unveiled dverwhelming abundance, and extreme
functional and genetic diversity presented by nmeamruses (Suttle, 2005b). The study of
virioplankton started by using global approachesrderstand viral impact at the community
level. Numerous works attempted to measure virglsgmce, development of the viral
communities and its correlation to the developnadrtost groups (for extended reviews see
Brussaard et al., 2008; Weinbauer, 2004; WommadkGoiwell, 2000). Studies were able to
clearly demonstrate that abundance and distributfanajor viral groups change accordingly
to the progression of major planktonic goups (Lareé al., 2001; Rodriguez et al., 2000;
Wommack et al., 1992). Viral control of host deysient becomes more evident in
situations of algal blooming, with viruses cleablging responsible for extensive bloom
termination (Brussaard, Kuipers, and Veldhuis, 2008stberg et al.,, 2001; Larsen et al.,
2004; Maranger, Bird, and Juniper, 1994; Nagastki.e1994). These advances were made
possible by the development of specific epifluoesse microscopy (Wen, Ortmann, and
Suttle, 2004), flow cytometry (Brussaard, Marie,daBratbak, 2000), and genomic
fingerprinting techniques (Wommack et al., 1999).

The first isolations and characterization of spe@hytoplankton viruses brought with

it the possibility of understanding in a more praid manner the nature of specific host/virus
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interactions. Studies that started by classicat rersge approaches and infection kinetics by
means of cell and virus numbers (Bergh et al., 1##8sheim, Bratbak, and Heldal, 1990;
Bratbak et al., 1990) soon picked up on the deweto of new genomic and transcription
characterization tools to push the field of phyé&mgiton virology one step further. The
development of easily accessible culture indepeingenomic sequencing tools lead to the
amazing discovery of a whole new range of prokacyahd eukaryotic viruses (Breitbart et
al., 2007; Suttle, 2005a). With genome sizes somnegi scaling in the same order of
magnitude as the smallest cells (for examples plehsck Raoult et al., 2004; Wilson et al.,
2005b) these viruses have reheated the debateeodefinition of life, pushing further the
concept of life itself (Claverie et al., 2006; Mwoee and Lopez-Garcia, 2009). These
discoveries have had a significant impact in a avdnht considered viruses as mere plasmidic
parasites, rather than consistent evolutionarytieatmatching in complexity with the hosts
they use to assure the continuity of their genesspde remaining obligate intracellular
parasites with a requirement for suitable host eellironment to replicate, many of these
viruses have been proven to carry in their genorest and complex gene “cellular”
machinery. Some authors introduced even the corafept‘living virus factory” to express
the manner in which some giant viruses (notablyetkieeme case of the mimivirus, whose
genome encodes 1262 putative genes, Raoult &084) take the host cell environment and
metabolic machinery to become themselves a newnstle the cell (Claverie, 2006; Novoa
et al., 2005). In such thinking, free virions woublel considered to be merely “inactive spores”
of the virus factory.

Within the genomes of the newly discovered phytokien viruses several novel and
unexpected metabolic functions have been identiflemt example cyanophages inherited
from their hosts (cyanobacteria), through horizbgtne transfer (HGT), all the necessary
genetic machinery to restore the cell’s photosyitrepparatus (Sharon et al., 2009). During
the lytic cycle, most of the host’s transcripti@nshut down by phage, which then replaces it
by its own virus message. To keep proton motivedaryanophage-encoded photosynthesis
proteins are expressed during the infection cyleéce providing the virus with improved
selective fitness (Clokie and Mann, 2006; Linddllagé, 2005). Another unexpected set of
viral genes is found in thEémiliania huxleyivirus (EhV). This virus encodes in its genome a
near complete de novo sphingolipid biosynthesitiyay also believed to be the product of
direct HGT from its host (Monier et al., 2009, s&sapter 3). The sphingolipid pathway leads
to the production of different sphingolipids, malées often involved in cell signalling and

stress response (Hannun and Obeid, 2008; Mer@ill2R Notably ceramide, the final product

116



117

Chapter 5 E. huxleyi / EnhV wide transcoiptic analysis

of this pathway, is often implicated in the contodl programmed cell death and apoptosis
(Pettus, Chalfant, and Hannun, 2002; Siskind, 20a&li et al., 2009).

The major trend throughout these past 15 yearshkase been to go from global
ecological dynamics to specific genomic and fun@lointeractions studied with the few
host/virus models available for lab based experimenhe phytoplankton virology field is
now faced with the quest of developing new toolgtsh our understanding of functional
viral impact in a global ecological scale. Moreqwshilst single gene analysis can provide a
particular functional insight into a process, ateyswide approach is essential for broader
understanding of physiological interdependence.

Here we present the first attempt of studying hewd virus global transcriptomics
occurring within a natural oceanic community. Inder to do so, we focused on the
progression of ai. huxleyibloom followed by the inevitable crash provokedtbhg severe
lytic Emiliania huxleyivirus (EhV).E. huxleyiis a calcifying eukaryotic microalgae that is
also the most numerous and ubiquitous coccolithepho today’s oceans. EhVs have
repeatedly been identified as the major causeamrbldemise. We designed a microarray set
to target botlE. huxleyiand EhV wide gene transcription patterns. Suchmproach has so
far been neglected given the high genomic varigbievels commonly associated with
natural phytoplankton and virioplankton communitigssuch context any recognizable gene
expression pattern can only stand out if (1) thergignificant genetic resemblance between
the target natural strains and the host and vimasns used in the microarray design, and (2)
if, within the complex natural community there s extense synchronization of transcription
events. We consider this experiment in a mesocosnmaament as a step along the path to
bring the study of phytoplankton and virioplankbynamics from the lab back to the natural

oceanic communities.

3. Materials and methods

Set-up of the mesocosm experiment

TheE. huxleyiinduced blooms were conducted in the Raunefjordéestern Norway
coast, at the Marine Biological Field Station, fiof days (8 to the 2 of June 2008). Six
transparent polyethylene enclosures (1% 80% penetration of photosynthetically active

radiation) purchased from ANI-TEX (Notodden, Noryayere mounted on floating frames
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moored along the south side of a raft (Egge andnHai, 1994) and filled with unfiltered
fjord water pumped from 10 m depth adjacent tortlie Homogeneous water masses within
the enclosures were ensured by pumping water frenbbottom of the bag to the surface. The
6 enclosures (encs.) were divided in 2 treatmewugs allowing triplication of each
treatment: phosphate replete (encs. #1, #3 anadtb)phosphate deplete (encs. #2, #4 and
#6). Nutrients were added approx 15:00 h dailynraNeP ratio of 15:1 (1.5 uM NaNCand
0.1 uM KH,PQy) to the phosphate replete enclosures and at@aoff5:1 (1.5 uM NaN©
and 0.02 uM KHPQy) to the phosphate deplete enclosures. Four damhpkes (06 h, 12 h, 18
h, and 24 h) were taken from the surface of eackooosm with 20 | carboys. Samples were
immediately brought to the lab where 1.5 | of eaaimple was filtered onto 0.45-pum-pore-
size 47-mm-diameter Supor-450 filters (PALL Corp.).

In depth flow cytometry and diversity analysis vp@sformed previously and reported

in Annexe B(Kimmance et al., in press).

RNA extraction

The cells were resuspended from the filter usimgl ZBS buffer, and transferred into
an Eppendorff tube. Tubes were centrifuged for h ati 15500 x g, and the supernatant
discarded. Total RNA was extracted with RNeasy Midlis (Qiagen) according to the
manufacturer’s instructions. Briefly, the samplesrevresuspended in 2 ml RLT lysis buffer,
vortexed for 1 min. (5 sec. bursts), and spun fanié at 15500 x g. The supernatant was
transferred to a new tube, and the nucleic acide weecipitated using 2 ml of 70% ethanol.
The samples were loaded onto an RNA-binding migim@umn (Qiagen). The column was
washed with RW1 and RPE solutions, and RNA wasdlut 200ul of RNase free water. To
remove contaminating DNA, the samples were DNasssted twice for 25 min. at 37° C with
2 U of Turbo DNA-free kit (Ambion) according to theanufacturer’s instructions. The
quality of the RNA samples was determined with aaBalyzer 2100 (Agilent, Waldbronn,
Germany). All samples tested negative for genomiADcontamination. Samples were

stored at -80° C until further use.

Fluorescent labelling of cRNA

Random amplification of the entire mRNA populatiovas achieved using the

Microarray Target Amplification Kit (Roche). Thiequired the use of a special primer,
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containing a random sequence with no significanndlogy to any known sequences in
public databases (Target Amplification Sequenc&d]) in addition to T7 promoter and
oligo (dT) sequences, for first-strand cDNA synthe$he TAS-region generates a 3" anchor
on the cDNA for subsequent PCR amplification witf &S-PCR primer. First and second
strand cDNA synthesis was performed from 250 ngotdl RNA and purified using the
Target Purification Kit (Roche). For expressiorofging, purified cDNA was randomly
amplified in a 100 pl volume by 21 cycles of PCRngsTAS primers according to the
manufactures instructions. PCR products (produdest ghe appropriate number of PCR
cycles) were purified using the Microarray Targeirification kit (Roche). The resulting
PCR-amplified cDNA was then transcribed into Cy&r @ach sample) and Cy3 (for a pool of
random hexamers to be used in a control channajdscently labelled cRNA using the T7
Microarray RNA Target Synthesis Kit (Roche). Thepagpriate labelled cRNAs were
combined and then purified using the MicroarraygeaPurification kit.

Microarray design

The microarray is described extensively in the MIBMompliant database entry E-
MAXD-23, available at www.ebi.ac.uk/arrayexpressieBy, 70mer oligonucleotides were
designed and synthesised for damiliania Huxleyi 1516 EST sequence library
(http://www.nematodes.org/neglectedgenomes/emdianand for every EhV-86 gene by
Operon GmbH, for a microarray hybridisation tempae of 68 °C. Hairpin-free,
hybridisation probes were designed with a 3’ biaghiw selected stability limits.
Oligonucleotide length was initially fixed to 70mTrange was set between 73 and 81 °C, and
GC content between 40 and 60%. Probe elements depesited and immobilised onto
amino silane treated glass slides (Corning GARisIhg a BioRobotics MicroGrid 2 printer.
Each probe was printed in quintuplicate along wattrollection of negative and positive
control probes. Probes were printed in a 1 x 7 fgath each sub-grid composed of 53 rows
and 12 columns. Ten SpotReport Alien PCR produBtsatagene) and were used as a
positive control and to confirm consistency betweganine-3 (Cy3) and cyanine-5 (Cy5)
scanning channels. Other control probes includee 8ex SSC buffer, human COT-1 DNA,
poly(dA) (40-60 bases in length, single stranded).
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Sample hybridization to microarray

Total cRNA present in each sample was quantifiethgus NanoDrop ND 1000
(NanoDrop Technologies, Wilmington, DE). For eaamgple 7.5 pl 20 x SSC (Sigma), 1.0 pl
10% SDS and 100 ng of labelled cRNA were combimea fotal volume of 45 pl. 33.3 ul of
this dye-labelled target were added to 16.7 plrefheated (50 °C ) 3 x Hybridisation buffer
(consisting of 9 x SSC, 0.6% SDS), and incubatekd@t°C for 2 mins. of denaturation in the
dark. Tubes were kept for a few minutes at 50 °@enaiting to be loaded onto microarray
slide. 46 pl of target were loaded into an AO Mauker (BioMicro Systems, Inc.) and
transferred to the preheated Maui hybridisatiortesys(BioMicro Systems, Inc.). Mixing
was started and arrays incubated overnight for 8 BO°C. Microarray slides were then
given three post-hybridisation washes. The firsstwaas in 50 ml of 1 x SSC, 2% SDS for 5
mins with constant agitation; followed by a secavakh for a further 5 mins (with constant
agitation) in 50 ml of 0.5 x SSC, 2% SDS; theriadtwash for 10 secs in 50 ml of 0.5 x
SSC. Residual liquid was removed by centrifugatain1000 rpm for 5 mins at room

temperature, and the slides stored in the dark pyiscanning.

Scanning and image processing

Hybridised arrays were scanned in an Agilent DNAMarray Scanner with Surescan
High-Resolution Technology with 5 pm resolution.ckarray was scan at 20%, 50%, and
100% gain settings in order to determine and séecbptimal scan setting producing a high
dynamic signal range without saturation (Forstesy,Rand Ghazal, 2003). Images from all
scans were quantified and background corrected) BueFuse for Microarrays v3.6 (7145).
Raw microarray data (including microarray desiggbridisation and analysis) as well as
curated data will be available at EnvBase, the NER@/ironmental Genomics Data
Catalogue, (http://envgen.nox.ac.uk/) and alsohat Gene Expression Omnibus database

(http://www.ncbi.nlm.nih.gov/geo).
Overall host vsvirustranscript signal comparison
Trimmed means were calculated for the 5 replicaeegspots on each array. These

were then normalised into 10 quantile categoriégergordinal factors from 0 to 10 (for

example, 3 meaning the normalised and trimmed rs&paral for that gene is in a percentile
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range between 30 and 40% of the intensities onengarray). Overall percentile position was

then calculated for bote. Huxleyiand EhV spots, respectively.

Pre- vs post-viral takeover transcript analysis

A second analysis was performed in order to idemgénes that consistently changed
expression from pre to post infection stages. Bamedhe overall hosvs virus overall
transcript variation (described above), two samptesresponding to pre (T0O) and post (T1)
viral takeover, were chosen for each mesocosm sm@&d 0: day 8 / encs. 1 to G;1: day 14
/ encs.1 and 4; day 12 / enc. 2; day 15 / enced2aday 16 / enc. 6). Overall fluorescence
values between different microarray chips were radi@ad using a robust multi-array average
analysis (RMA) (Irizarry et al., 2003). After, Tlhé T1 median expression values were
calculated for each probe. Up-regulated calls tarthegene were generated on the basis of a
Log, (T1/TO) detection threshold above 1.

Sequence analysis and annotation

E. huxleyi EST sequences represented in our microarray weaectsed against
UniProt protein sequence database (The UniProt9)208ing BLASTX (Altschul et al.,
1997) with an E-value cutoff of FeWe also extracted all possible stop-to-stop apading
frames £ 50 aa) from EST sequences. The amino acid sega@leeeved from these ORFs
were used to search against NCBI/KOG database (Kosnal., 2004) using RPS-BLAST
(Altschul et al., 1997) with an E-value cut-off 4&°. Regarding coccolithovirus gene
annotation the data was retrieved from NCBI genbank
(http://www.ncbi.nlm.nih.gov/Genbank).

Comparison with gPCR data

The same RNA preparations used for microarray dyation were analysed, using
gPCR techniques, to confirm transcript abundangetidhtion of threee. huxleyiand EhV
genes, respectively. Those works are describe@taildn Pagarete et al. (2009, see Chapter
4). Briefly primers were designed to tardget huxleyi’'sp-tubulin and coccolithovirus major
capsid protein genes, as well as two key homologphsngolipid pathway genes present in

both virus and host: the serine palmitoyl transerand dihydroceramide desaturase (Table
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S1). Quantitative real-time PCR assays were peddrin a total volume of 20l containing

4 ul of the above-described cDNA, 0.0 each of the 3and 3 primers, 1Qul of Absolutd™
gqPCR Sybf Green Rox Mix (Thermo Fisher Scientific - Abge@ance), and 4.4 of
DNase free water. The amplification protocol wascg6les of 95 °C for 15 sec followed by
60 °C for 1 min. All real-time PCRs were performa@dh a CFB-3240 Chromo4 Detection
System (Biorad). For accuracy every sample measnemas performed in duplicate, and
ran against a non-reverse-transcribed (-RT) contoolevaluate percentage of DNA
contamination. Based on the raw SYBR Green | flsoeace data, the application
LinRegPCR v11.1 (Ruijter et al., 2009) was firstdiso calculate individual PCR efficiencies
for each sample, followed by an estimation of m&DR efficiency (E) and adequate
fluorescence threshold (F) for each gene. Ct valuese then used to calculate relative
expression values (N) for each gPCR measure aocprdi the basic equation for PCR
amplification [N=F/(E"Ct)]. The final expressionlua for each gene in each time point was
obtained by the difference between the respectvepte and —RT control values (the latter
corresponding to DNA contamination that should betaccounted for in an estimation of
gene expression). For each gene the lowest meakarpression was taken as the minimum
level of detection. Transcript abundance for eawst And viral genes was then normalized to
the respective minimum level of detection, and Ijnaormalised to the abundance Bf

huxleyicells (previously enumerated by flow cytometry).

4. Results

General bloom/infection dynamics

Details onE. huxleyibloom and consequent coccolithovirus infectionagescribed in
(Kimmance et al., in press, see Annexe B). Bridlys 7 — 13 of the study were characterised
by exponential growth of th&. huxleyipopulation (Fig. S1). A clear split was observed
between P-replete (encs. 1,3,5) and P-deplete .(@#¢$) treatments, with maximum cell
concentrations reaching 170,944’ the P-replete treatmerf. huxleyiexponential growth
phase was followed by sharp decline. That decloecided with the exponential increase of
coccolithoviruses from day 12 onwards. A maximumnaatration of 3.1x10
coccolithoviruses mi was registered in enc. 3 on day B5.huxleyidecline to pre-bloom

abundance following the appearance of coccolithsés went to completion in encl3, but
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was not observed in the other enclosures, dueettetimination of experimental sampling. In
the P-deplete treatmenE. huxleyicells showed lower growth rates with maximum cell
concentrations only reaching 7¢1@I". Coccolithovirus concentrations also remained lowe
in the P-deplete enclosures, with a registered mamxi of 1x16 capsids mit.

Based in this bloom dynamics analysis, RNA extoangiand transcription analyses

were performed on samples taken from days 8 to 16.

Overall host versus virus transcript abundance

The microarray used herein contained a total ofl3g§@ne probes; 2271 (63.6%)
matching E. huxleyi ESTs, and 1300 (36.4%) matching EhV-86 and EhV-§éBomic
sequences. Presence of transcript message wasedetecthe large majority of the probes
present in the array (empty spots were taken asemeée for minimum detection threshold),
independently of having host or viral origin. Thedlative proportions changed throughout
the experiment. A quartile rank based analysisEofhuxleyi versus EhV global gene
expression (Fig. 1) showed the same similar pattérmiral transcript activation in all 6
replicate enclosures. Overall EhV transcript abmedamade an increasing progression along
the time lapse of the experiment, accompanyindiast’'s global community development,
from initial pre-bloom stages towards late blooncloie. Several minor peaks of viral signal
were observed in some enclosures (day 10 / enasd®; day 11 / enc. 2; day 12 / enc. 4)
that preceded a moment, observed in all 6 enclesuveere major overall viral transcript
production was triggered (day 11 / enc. 3; day &8d. 1; day 13 / encs. 2, 4 and 5; day 15/
enc. 6). This moment of viral takeover comprisetkast two distinct stages: (1) major viral
transcript activation (enc. 3 / day 11; encs. 1 2ricdday 12; encs. 4 and 5/ day 13; enc. 6 /
day 14) which happened 24-48h before (2) hostreetiber reach maxima and start of bloom
decline (enc. 3/ day 12; encs. 1 and 2 / day &8;%/ day 14; encs. 4 and 6 / day 15). This

second stage also coincided with major viral capsiehase.
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Figure 1. Relative overall progression dE. huxleyiand coccolithovirus transcript signal. Y axis scale
corresponds to the average quartile position oecufy overall host and virus probe fluorescencaadjg

respectively (please refer to the Materials andhodt section for further explanation). Relativé aad virus
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number progression is plotted for reference (dedailumbers presented in Fig. S1).

gPCR gene expression analysis specifically targetimeeE. huxleyigenes (beta-
tubulin, serine palmitoyltransferase, and dihydraoede desaturase) and three EhV genes
(major capsid protein,

corroborated both host and viral global transaniptpatterns (Fig. S2), and confirmed the

moment in each enclosure when major viral takeoceurred.

serine palmitoyltransferase)d dihydroceramide desaturase)
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Gene transcription analysis before vs after viral takeover

Based on the overall hogs virus transcript variation (described above), samples,
representing pre (TO) and post (T1) major viraletaler, were chosen for each mesocosm
enclosureT0: day 8 / encs. 1 to G;1: day 14 / encs.1 and 4; day 12 / enc. 2; dayeties. 2
and 5; day 16 / enc. 6).

The great majority of probes used in this microaarresponded to genes for which
function is not yet identified (74%); 41% of thasder toE. huxleyigenes and the other 33%
to EhV. Comparison between TO and T1 revealeda ¢6t279 (7.81%) probes presenting at
least two fold transcript abundance increase froentp post major viral takeover (Fig. 2).
This gene up-regulation did not occur randomly gigitout the entire microarray (Fig. 3). The
group of EhV genes without predicted function iased its presence in the pool of up-
regulated genes (33 to 52%). At the same tEnehuxleyigenes, both with and without
predicted function, were less well representechenfinal up-regulated pool (23 to 15% and

41 to 30%, respectively).

3 A 2 fold up-regulation
(7.81 %)

Log T1/TO ratio

'4 T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500

Probe alignment
Figure 2. Gene expression ratio between post (T1) and pdg iffajor viral takeover. X scale refers to probe
alignment according to LegT1/T0). Red marks correspond to genes with amegpHation of at least 2 fold

(7.81% of the total targeted probes).
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Total microarray set Up-regulated genes

n%
huxleyi

Functionunknown m Predicted function - EhV m Predicted function - E. huxleyi

Figure 3. Percentages of tot&l. huxley and EhV probes present in the microarray (pie cbarthe left) anc

pool of up-regulated gendsiring viraltakeover (pie chart on the right).

Genes with a predicted functicthat were consistently utilizeduring EhV infectior
represented three major KOG groups: (1) cellulacesses and signalling, (2) informat
storage and processing, and (3) metabolism (TgblThe majority refers tE. huxleyi(15%
of the total) while onl\38% come from the EhV gome (Figs. 3 and 4Among thes, genes
related to metabolism (nucleotide, amino acid, Epid) were present in large scale (arot
10% of the total probes present in the microarr&@garding information storage a
processing many different genes ilved in nucleotide replication, RNA processing i
translation were identifiedCellular processes and signalling were also reptede namel
through metacaspases (involved in cell cycle com@nol apoptosis), vesicle related prote
(involved in intraellular trafficking),actinand related proteins (involved in cytoskeletca
mitogeneactivated kinase (presumably involved in signahgduction mechanisms), a
several genes involved @osttranslation: modification (Table 1).

Pre to post viral takeover comparisshowed 154viral genesfor which relative
abundance increasathove the established 2 fold threshThe huge majorit of these viral
sequences correspond to unannotated ' (94%) Among the minority that have a dicted
function we observed genes related posttranslationamodification, protein turnover ar
chaperones (includingerine protease and thioredo;; nucleotide metabolism, transcriptic
replication and repair (including DNA polymerasedatopoisomease) lipid metabolism
(including serine palmitoyltransferase); inorgarn itransport represented by a phosp

permease gene. A viral lectin protein was alsotiled (Fig. 4, Table 1).
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MNucleotide transport and metabolism
Amino acid transport and metabolism
Lipid transport and metabolism
Cytoskeleton
Translation, ribosomal structure and biogenesis
Posttranslational modification, protein turnover. chaperones
Energy production and conversion
Mucleotide metabolism, transcription. replication and repair
Inorganic ion transport and metabolism
Cell cycle control, cell division, chromosome partitioning
RMA processing and modification
Signal transduction mechanisms
Intracellular trafficking, secretion, and vesicular transport
Carbohydrate transport and metabolism
Extracellular structures
Defense mechanisms
Cell wall/membrane/envelope biogenesis
Secondary metabolites biosynthesis, transport and catabolism
Coenzyme transport and metabolism

mE. huxleyi
mEhY

% of total genes in each class

Figure 4. Percentage dt. huxleyiane EhV gene up-regulation per KOG functionalslas

Table 1. List of up-regulated genes for which a function b& predicted

KOG

_ i -
group KOG class KOG definition id Host/Virus
Cell cycle control, cell
o division, chromosome Metacaspase involved in regulation of apoptosis KeMB E. huxleyi
z partitioning
?%:' Cytoskeleton Actin and related proteins KOGO0676 E. huxleyi
o Intracellular trafficking,
n secretion, and vesicular Vesicle coat complex COPI, alpha subunit KOGO02 )32 E. huxleyi
% transport
5 26S proteasome regulatory complex, ATPase RPT4 KBGO  E. huxleyi
% Aspartyl protease KOG133¢ E. huxleyi
3] ERV1/ALR family protein NA Ehv
g Posttranslational modification Molecular chaperones GRP78/BiP/KAR2, HSP70 supéljarn KOG0100 E. huxleyi
% protein turnover, chaperones DnaJ domain-containing protein K09528 EhV
= Serine protease Not EhV
= defined
w
O Thioredoxin KOG2501 EhV
Signal transductlon Mitogen-activated protein kinase KOGO0660 E. huxleyi
mechanisms
,(_,DJ Nucleotide metabolism, 5'-3' exonuclease HKE1/RAT1 KOG2041 E. huxleyi
é 0] transcription, replication and DNA polymerase delta catalytic subunit COG04:.7 EhV
> :
9 @ repair DNA topoisomerase COG055() EhV
n 0 -
Z0 RNA processing and mRNA splicing factor ATP-dependent RNA helicase KIDG3 E. huxleyi
[eXe) modification
Ex . - -
g o 40S ribosomal protein S11 KOG1723 E. huxleyi
[a)
% <Z( Translation, ribosomal 40S ribosomal protein S13 KOG040) E. huxleyi
< structure and biogenesis 40S ribosomal protein S25 KOG1767 E. huxleyi
60s ribosomal protein L34 KOG1790) E. huxleyi
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60S ribosomal protein L5 KOGO087%  E. huxleyi
Glutaminyl-tRNA synthetase KOG1148 E. huxleyi
Mitochondrial/chloroplast ribosomal protein S2 KCB32 E. huxleyi
Nucleolar RNA-binding protein NIFK KOG420¢ E. huxleyi
Predicted mitochondrial/chloroplast ribosomal piro®17 KOG1740 E. huxleyi
Translation elongation factor EF-1 alpha/Tu KOGO00:52 E. huxleyi
Ubiquitin/40S ribosomal protein S27a fusion KOG0004 E. huxleyi
ATPase component of ABC transporters KOGO0032 E. huxleyi
Amino acid transport and Glutamine synthetase KOG0683 E. huxleyi
metabolism Glycine cleavage system H protein (lipoate-binding) ~ KOG3373  E. huxleyi
Glycine/serine hydroxymethyltransferase KOG247 E. huxleyi
Carboh%ci;eetltg Otlz::qsport and 3-phosphoglycerate kinase KOG13€7 E. huxleyi
Aldehyde dehydrogenase KOG2450 E. huxleyi
ATP synthase FO subunit 6 and related proteins K&BG4  E. huxleyi
Energy produ'ction and NADH-dehydrogenase (ubiquinone) KOG24¢5 E. huxleyi
s conversion
%2} Vacuolar H+-ATPase VO sector, subunit d KOG29!57 E. huxleyi
C_OQI Vacuolar H+-ATPase V1 sector, subunit A KOG1352 E. huxleyi
é Inorganrirfeitc;r;)(t)li%r:ﬁport and Phosphate permease COG0306 EhV
17 beta-hydroxysteroid dehydrogenase type 3, HSB17B KOG1014 E. huxleyi
3-oxoacyl-(acyl-carrier-protein) synthase (I and Il KOG1394 E. huxleyi
3-oxoacyl-(acyl-carrier-protein) synthase (I and Il KOG1394 E. huxleyi
Lipid transport and metabolisri Delta 6-fatty acid desaturase/delta-8 sphingolifgdaturase KOG423Z E. huxleyi
Hydroxyacyl-CoA dehydrogenase/enoyl-CoA hydratase = OG4683 E. huxleyi
Serine palmitoyltransferase COGO01E6  EhV
Squalene synthetase KOG14£9 E. huxleyi
NUCIe?T:E;éggsnﬁjort and Phosphoribosylformylglycinamidine synthase KOG1917 E. huxleyi
NA Precise function unknown Lectin protein de,\#i%ted EhV

! COG refers to NCBI's list o€lusters ofOrthologousGroups of proteins; KOG refers to the listkzaryotic

OrthologousGroups, which is a eukaryote-specific version of COG

5. Discussion

The microarray set used in this study (based onvkneequences from orke huxleyi
and two EhV strains) was capable of detecting aewmhge of host and virus transcripts
present in the natural environment. In our vievs tould only be achieved if there was high
genomic identity among strains Bf huxleyiand EhV, respectively, present in the natural
environment. NaturdE. huxleyicommunities have previously been reported to betyzally
rich, but still highly conserved (Martinez-Martinez al., 2006b). Moreover DGGE based
studies performed during this same mesoscosm eweetidemonstrated that at least five
GPA genotypes could always be detected (Sorensah, &009), which corresponded Eo

huxleyi sequences previously known to occur in these djofidartinez-Martinez et al.,
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2006b). If finding such consistency was not so 8siy when considering a eukaryotic
species likeE. huxleyj that was not the case regarding coccolithoviruges increasing
number of studies have highlighted the huge dityeserved among environmental viruses
(Breitbart et al., 2004; Breitbart et al., 2007 it 2005a). However, using a microarray set
based on expressed sequences from only two EhMnsstrave obtained extensive
hybridization obtained for the great majority oétprobes present. We hence think that our
results, while not denying the existence of higimayeic diversity levels among the EhV
natural communities, at least reflect the existentehighly conserved regions in their
genomes. This idea is corroborated in the cocanliths genomic diversity study produced
by Allen and co-workers (Allen et al., 2007).

In the six mesocosm replicates enclosures unddysamave observed a clear moment
of viral takeover. The 1-3 day delay observed betwenclosures was already expected and
can be attributed to the typical variability inherdo mesocosm experiments (Martinez-
Martinez et al., 2006a). The clear transcriptongisponse observed was far from expected
when we consider the natural community approactd usethis experiment. SpecifiE.
huxleyiand EhV RNA transcripts were targeted among a langkdiversified pool of other
transcripts being produced by the global planktmammunity. This means that the precise
moment of viral takeover consistently observed ditakeast two major implications. First, it
reflects the outstanding community overtake produneE. huxleyicells during bloom stages
(maximum numbers reaching 1.7 cellsYnllf this was not the case then any transcriptomic
message being produced insklehuxleyicells would most probably be “diluted” in the pool
of total transcripts present in the water. Secandorroborates the idea that bloom/infection
processes are regulated by strict constraints @ggs, ultimately resulting in the separation
of viral capsid production from their release (Ratmet al., 2009). Hence the precise moment
of viral takeover observed in every enclosure weasbably the result of an extensive and
synchronized viral activation throughout the gloBahuxleyi*blooming” community.

This study also demonstrated that several gendifunscare clearly being utilized on a
large scale during coccolithovirus infection. Eh¥-Bossesses a very complex and “rich”
genome with 472 estimated open reading frames @Wikt al., 2005b). Given this genetic
richness one could hypothesize that these viruags An infection strategy that is mostly
independent from their host’s machinery. In thageca broad replacement of host cellular
machinery by a viral one would be instigated imesyaupon infection, with the host cell
functioning as a closed “suited” environment fdiestion to take place, instead of a complex

machine of cellular tools at viral disposal. Tfiedt scenario was not verified in our study. A
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large panoply of host gene functions remained atdv or were up-regulated in the course of
infection. At this stage we cannot distinguish kgane activation for infection purposes from
host mediated responses to viral infection. Norlefisethe utilization of numerous host genes
during infection indicates that a complex infectgirategy is used by the coccolithovirus, one
that faces/demands the balanced use of intricaterhachinery.

One of the major “priorities” for a virus duringf@ction is to replicate and translate its
genetic information into newly synthesized virudesthis study we observed the recruitment
of numerous amino acid and nucleotide metabolidate® genes, most probably in response
to that need for genetic information processingve®a transcription related EhV encoded
genes were highly transcribed during infection, hsuas viral DNA polymerase and
topoisomerase. At the same time numer&ushuxleyigenes related to m-RNA splicing,
ribosomal function and translation were also cleanp-regulated. Further down the line
several posttranslational processes were alsostensly required, with virus and host sharing
potentially interlinked functions namely throughethise of protein cleavage enzymes and
protein chaperones. The recruitment of EhV ERYR family proteins along with
thioredoxin could indicate the use of a viral cyagmic pathway of disulfide bond formation,
eventually similar to what has been verified inesthucleo-cytoplasmic large dsDNA viruses
(NCLDVs), such as the Poxviridae (Senkevich et241Q0).

Other transcription features were identified foe thrst time in the course of this
natural EhV infection. For example, the manipulatiof cell cytoskeleton machinery
pathways (through actin transcription regulationd. avoid molecular crowding caused by
high organelle and protein concentration severalisés require active mechanisms for
directed transport inside the cell (Radtke, Dohrard Sodeik, 2006). Among the large
NCLDV group, herpesviruses and poxviruses, for g¥amhave been shown to use the host
actin and microtubule transport systems for sevstaps during their life cycle (Forest,
Barnard, and Baines, 2005; Schramm and Locker,)2008he need for active intracellular
transport mechanisms is related to the size ofpiéagicles in question, then this would
probably be of crucial importance for a “giant”wsrsuch as EhV (capsid diameter between
160-180 nm). Moreover, active transport processesnamhd energy production and
conversion. This could explain the up-regulatiorrifieel for genes like ATP synthase,
NADH-dehydrogenase or vacuolar H+ ATPase. Viruses aso known to use cellular
“highways” for more distant displacements, eithsrhatchhikers inside cellular vesicles or
organelles, or as cytosolic viral complexes thgtdki microtubule motors directly (Smith and

Enquist, 2002). In that regard up regulatioreohuxleyis vesicle coat complex (COPI) could
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probably be related to coccolithovirus use of Medi@sed intracellular trafficking mechanism
for capsid displacement. This would correlate te tacent observations of EhV-86 capsid
migration inside the cell (Mackinder et al., 200Bxen more surprisingly this same study
argues that coccolithoviruses have an infectionhaesm different from that employed by

other algal NCLDVs, with entry and exit strateg#®wing a greater analogy to animal-like
NCLDVs. This is based on observations of EhV-8@&eny its host via either an endocytotic

or an envelope fusion mechanism, while presentisg a budding mediated mechanism for
virus progeny release. In our study several lipigngport and metabolism genes were
identified, which could also be involved in memleaand vesicle related capsid transport.
Although lipid function during EhV infection is Btpoorly understood, it is becoming more

and more evident that lipids play a fundamentad (Mardi et al., 2009).

With regards to lipid metabolism there is a patacuroup of EhV genes that has
received particular attention. The EhV genome easod unique de novo sphingolipid
pathway (Wilson et al., 2005b). These genes ardigisel to be fully functional and
expressed during infection (Han et al., 2006; Rstgaet al., 2009). Sphingolipids are
membrane lipids whose function has often been oafgd in signal transduction mechanisms
(Hannun and Obeid, 2008). Moreover, ceramide, it fproduct of this pathway (Merrill,
2002), is recognized as a major actor in the cobrifoapoptosis (Pettus, Chalfant, and
Hannun, 2002). This has lead to hypotheses regamipossible viral involvement in the
control of E. huxleyis programmed cell death, a situation that has lreported in other
host/virus systems (McLean et al., 2008). In thiglg we observed the clear recruitment of
the first and rate limiting enzyme of this pathwagrine palmitoyltransferase. Along with it
we also observed the clear up-regulatiorEofhuxleyis metacaspases, which are also key
precursors in activation of apoptosis (Thornbernd d.azebnik, 1998). This data is in
accordance with recent studies that demonstratédonly caspase activation upon EhV
infection and presence of caspase cleavage reamgrsequences within virally encoded
proteins (Bidle et al., 2007), as well as a cledation between glycosphingolipid production
and induction of the Iytic infection in oceanic watmasses (Vardi et al., 2009).

It was known from the start that a microarray apptolike the one presented here
does not allow to conclude on the definitive fumes associated with these genes, but it
retrieves important indications for future studi& based our interpretation of possible gene
function on (1) the current knowledge we have @& Eh huxleyi/ EhV model and (2) the
known examples from other host/virus systems. Td®mario here presented remains hence

our interpretation (even if educated) of the mastbpble functions these genes might be
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playing during coccolithovirus infection. Moreovere are aware that a substantial fraction of
the total RNA transcript present in the environmanall stages of the experiment does not
correspond to genes being directly activated byvin@ machinery. Those would mainly
correspond td&. huxleyigenes related to the “normal” functioning of tle#l being utilized by
uninfected cells, as well as host genes beingzatliin infected cells as a means of host
response to viral infection. Nevertheless, the flaat the genes here highlighted substantially
increase transcript abundance from pre to post takeover makes us more confident to
believe that these genes are in some way regulatiealy coccolithovirus infection.

As a final note we would like to remark the facttkhe list of genes here highlighted
for which relative abundance significantly increhsieiring EhV infection corresponds still to
the tip of an iceberg. Many other viral and hostegare surely in use during that process,
although having more subtle changes in transcengls which could not be diagnosed using
the methods here described. For example using ge€hiques one could clearly identify
the activation of other coccolithovirus specificngs, namely the expected structural major
capsid protein gene, and two other genes involmegphingolipid production (Pagarete et al.,
2009). That said one should also keep in mind that genes presenting very high
transcriptional changes throughout EhV infectiomaen very useful as potential markers for
ecological monitoring of coccolithovirus commungieMore importantly, they could serve as
precious lights in the quest to better understaedprocesses and genomic demands that are
inherent to coccolithovirus infection.

We launched this study with the aim of bringing f@pyankton virology from specific
lab/strain approaches back to a wide natural conitymtsrgeted approach. We did this by
creating a microarray set that we expected wouldb& capable of distinguishing specific
synchronized transcriptomic responses happenirtgmi. huxleyinatural community during
coccolithovirus infection. The data here preserdleérly demonstrates the validity of this
approach. With a microarray design aimed at bo#t And virus transcripts we could identify
a complex network of metabolic functions that aomsistently evocated along a natural
coccolithovirus infections. From genetic informatiprocessing, passing by posttranslational
control, intracellular trafficking mechanisms, ageen probable implications in the control of
programmed host cell death, the results here shadddo the idea of “viral factory” (Novoa
et al., 2005) acting as a spinning wheel of metaldahctions that interact in perfect balance
with each other with the ultimate goal of producthg highest number possible of new viral
capsids.
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8. Supplementary data - Tables

Table S1.E. huxleyiand coccolithovirus qPCR primer sequences us#udsrstudy.

Protein name Oligo name Direction Position Oligo Sequence Product Size
E. huxleyi
Serine palmitoyl transferase EX_SPT_F Forward 1093 ACTGATTTCCTCCGCATGAC 190
(SPTh) EX_SPT_R Reverse 1282 CGATGCCAAACGAGTAGATG
Dihydroceramide desaturase EX_DCD_F Forward 244 AAGGCGGAGTGGGCGAAC
90
(DCDh) EX_DCD_R Reverse 333 GGCGTGGTAGTAGCGGAAGG
. Tubf_Fw Forward 1037 CGCTGTACGACATCTGCTT
B-tubulin 164
Tubf_Rv Reverse 1201 GGAAGGGGATCATGTTGAC

Coccolithovirus

Serine palmitoyltranferase EhV_SPT_F Forward 1793 AGTCCGGTATCGTCTTGTCG 190
(SPTv) EhV_SPT_R Reverse 1982 CGCAATGCGATAATACATGG
Dihydroceramide desaturaseEhV_DCD_F  Forward 417 GGACATTTCTTCCGTCATGG

(DCDv) EhV_DCD_R Reverse 569 ACGGTCCAATTTGCAAGAAG 153
Major capsid protein MCP1Fw Forward 255 ACGCACCCTCAATGTATGGAAGG

(MCP) MCP90RvV Reverse 344 AGCCAACTCAGCAGTCGTTC %0
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9. Supplementary data — Figures
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Chapter 6.

Short report on attemptsto isolate new coccolithophor e viruses

1. Introduction

The discovery phase of marine viruses is stilltsvinfancy as the discovery of new
viruses continues to progress at an elevated pdoag with those discoveries comes the
acknowledgement of the major roles played by vsuses regulators of their host’s
populations (Brussaard, 2004a) and vectors of gem&fiormation (Rohwer and Thurber,
2009; Willner, Thurber, and Rohwer, 2009). Nonetkslthe biological processes underlying
the evolution and maintenance of oceanic viral it are still poorly understood. High
host-specificity (i.e. in transmissibility and/orrwence) has been reported, particularly in
viruses infecting marine eukaryotic phytoplankt@&mussaard, 2004a). Thus, the continuous
arms race between oceanic viruses and eukaryotimb@s may actually be highly specific
and localized co-evolutionary processes may explanrapid diversification and speciation
observed in both hosts and viruses.

In recent years, coccolithophores (calcifying hppide algae that belong to the
prymnesiophyte clade) have become an important mdolestudy the evolutionary
interactions of eukaryotic phytoplankton viruseshwtheir hosts. This is based both on the
evolutionary traits presented by the coccolithopkpiand on the achievement to isolate and
characterize a family of viruses that infects ohthese species.

Among the marine phytoplankton dominating the moemrean, the coccolithophores
play critical roles in primary production, gas eanfgge between the oceans and atmosphere,
and carbon export to the deep oceanic layers aag-skea floor (see Chapter 1 for further
details). The sedimentation of the their Cal0ales (coccoliths) over the last 200 My has
produced one of the best fossil records, makinghtkey biomarkers for paleo-climate and
stratigraphic reconstructions, and for the studynafine biodiversity and evolution (Bown et
al., 2004). The excellent fossil framework of cddbophores, the presence of sister-species
that can be recognized morphologically, and ther@adttion between haploid and diploid
population of cells that can be isolated in cultwembined with the growing knowledge

about coccolithophore viruses (Allen et al., 2008chroeder et al., 2003; Schroeder et al.,
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2002; Wilson et al., 2005b), make this group aralideodel to test host/virus evolution
hypotheses.

Several large dsDNA viruses that infect algal htstge already been isolated and all
classified into a distinct family, the Phycodnad&e. Among the phycodnaviruses we find the
coccolithoviruses (type species Emiliania huxleyus 86). To date around 16 strains of
coccolithoviruses (EhV’s) have been isolated andratterized, all infecting the most
ubiquitous and abundant coccolithophore speBdiania huxleyi (Fig. 1). In nature the
coccolithoviruses have been shown to play a crucéd in the dynamics oE. huxleyi
blooms, community structure, and nutrient cycliddign et al., 2006c; Jacquet et al., 2002;
Martinez et al., 2007; Schroeder et al., 2002)e €bccolithovirus genome EhV-86 has been

completely sequenced, revealing 472 predicted g@Néson et al., 2005b).
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EhV is the only coccolithovirus isolated to date.clearly occupies a phylogenetic
position within the large family Phycodnaviridaewever (and unexpectedly) these viruses
are phylogeneticaly distant from the other prymoglsyte viruses (GenuBrymnesiovirus)
(Allen et al., 2006c; Larsen et al., 2008). Thisiaion led to the creation of a separate Genus
the Coccolithovirus (check Fig. 3 in Chapter 1). Two central hypotlsesave been raised on
the possible origin of EhV: (1) descending fromadder lineage of coccolithophore viruses
that is isolated from the other known prymnesios&s; or (2) being the result of an
“evolutionary jump” between phylogenetic isolatedades. Whichever was the case
mechanisms of co-evolution between hosts and tiailses, where both are fighting to
respectively decrease and increase virulence,ataily playing critical roles in both virus
and phytoplankton diversification. What is the roleuses may have played in the
diversification of coccolithophores?, have virusesompanied the diversification pattern of

their hosts, and can that be inferred from theyl@ienetic trees?

Figure 2. Viral like particles inside the coccolithophdfgmenomonas globosa (A) and detail (B). Two types of

particles (at least) can be seen in what seem® ta base of co-infection. One group of large pagi¢red
arrow) around 160 nm diameter (clearly resemblinigeo known phycodnaviruses), and a second (more
numerous) group of smaller particles (green arravgund 60 nm in diameter. Electron microscopy imsage
(from 1978) kindly provided by Chantal Billard (Weirsity of Caen).

To start answering these questions it will be ewr&ly useful to have access to newly
isolated viruses that infect coccolithophore spe@éher thanE. huxleyi. It has become
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almost common knowledge that for every cellularapigm probably exists at least one viral
infective agent. Finding those new coccolithophareses should be just a matter of time.
Moreover, in the 70’s, Chantal Billard and colleagyUniversity of Caen, France) reported
the presence of large viral particles inside ottmscolithophore cells, namely belonging to
the genugdymenomonas (Fig. 2).
During the first year of this PhD thesis we perfednattempts to isolate new

coccolithophore viruses. Here we present the puresdused and the most significant results
we obtained during those attempts.

2. Materialsand Methods

Host cell culturing

Different coccolithophore species/strains from tR®scoff Culture Collection
(http://www.sb-roscoff.fr/Phyto/RCC) were used asemtial hosts for the isolation of new
viruses. BesideE. huxleyi, these included. huxleyi’s sister specie&ephyrocapsa oceanica,
Hymenomonas globosa (where viral like particles had previously beemntified), among
other coccolithophore species (Table 1). The differstrains were grown in f/2 (Guillard,
1975), based on aged and filtered (0.22 um) seawHbte temperature of the cultures was
maintained at 16.0 £ 2.0°C, and light was suppésda light-dark cycle of 16 and 8 h at a
photon flux density of 100 + 20 pumols™. Cultures were maintained in exponential growth

phase in order to maximise the chances of gengratinral infection upon inoculation.
Water collection and concentration

Attempts were made to infect the coccolithophorluces with viruses potentially
present in new sea water samples. The water sam@es collected from the SOMLIT
station (English Channel, offshore Roscoff) evemo tweeks, for 10 months. We also
episodically used water samples from Roscoff's shtite Black Sea , and from the North
Pacific, Canadian and Japanese coasts. Each veagileswas first filtrated through a 0,45
um filter in order to separate the viral fractisarh all other bigger components. The filtrate
was then concentrated using a VivaFlow tangenkmaV filtration system, 100,000 MWCO
PES (Sartorius Stedim Biotech) according to the ufaturer’'s protocol. The concentrated
viral fraction was preserved at 4 °C until furtbse.
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Table 1. Host coccolithophore species/strains used to attemp viral infections.

Genus/ Species Strain
Chrysochromulina sp. Al7
Chrysochromulina stipitata AC4
Dicrateria inornata AC49
Emiliania huxleyi MM4-3
Emiliania huxleyi CCMP1516
Emiliania huxleyi NS6-2
Gephyrocapsa oceanica Js1
Gephyrocapsa oceanica ARC1 2N
Gephyrocapsa oceanica ARC1 N
Gephyrocapsa oceanica PC71
Hymenomonas coronata AC58
Hymenomonas coronata AC115
Hymenomonas globosa AC30
Isochrysislitoralis AC18
Isochrysis sp. AC80
Isochrysis sp. AC66
Scyphosphaera sp. AC504

Flow cytometry was used to characterize the virattfon present in the filtrate. The
methods used followed the protocol described inidat al. (1999). Briefly samples were
fixed with glutaraldehyde 0.25% (final concentradidor 30 min. followed by fast freezing in
liquid nitrogen. The samples were then tawed athrdemperature, and incubated with TE
buffer (10 mM Tris, 1 mM EDTA [pH 7.5]) and SYBRagn (0.5x1J final concentration)
in the dark for 15 min. Viral counts were done wéthH~acsCalibur flow cytometer (Becton
Dickinson, San Jose, Calif.). Each sample was aedlyor 2 min. at a delivery rate of 50 ml
min™. The discriminator was set to green fluorescemdgch is proportional to the nucleic
acids—SYBR-I complex. Standard laser settings wele: treshold at 100, SSC 600, FL2
500, FL3 500. Parameters were collected on logarttiscales and plots were generated with

the custom-designed software WinMDI version 2@p(//facs.scripps.edu/software.hymi

I noculation and infection check

Infection experiments were run in sterile 24 welatps. For each test 1 ml of
exponentially growing culture was inoculated with Bl of viral fraction concentrate. This

was done in triplicate, and with three negativestiads. The plates were then left to incubate
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in different phytoplankton growing chambers witlmfgeratures varying from 15° to 20° C.
Possible signs of infection were checked once atlilaygh the use of light microscopy for at
least 15 days. Whenever a culture presented sifymsfextion (lysed cells, or inoculated
sample with clear fewer cells than negative copttmbth positive and negative samples were
taken and filtered through 0.45 um filters in ortterecover the viral fraction. The samples
were then analysed through flow cytometry (follogvithe same procedure has described
above) to check for the presence of distinct \pgulations.

Finally any filtrate from such potential infectiomsas used then used to re-infect the

same host strain, in an attempt to demonstratefeetion by the Iytic agent.

3. Reaults

Among all the situations where a potential virafection was observed, a few
presented very promising results (view list in TEaB). The different water samples used to
provoke such infections all clearly presented ongaveral distinct populations of potential
large dsDNA viruses (Fig. 3). The sample from thacB Sea was extremely rich, at least 4

distinct groups of large viruses could be recognigg. 3c).

Table 2. List of the different potential viral lysis situams encountered.

Species Strain Water ssmple Daysp.i. ISOLATE Room Temp.
Emiliania huxleyi ARC1 2N Roscoff shore 6 EHARROSP1 20°C
Emiliania huxleyi ARC1 2N Roscoff shore 4 EHARROST1 20°C
Emiliania huxleyi MT0610B English Channel 13 EHMTSOM1 20°C
Gephyrocapsa oceanica NS6-2 Roscoff shore 6 GONSROSP1 20°C
Gephyrocapsa oceanica NS6-2 Roscoff shore 6 GONSROST1 20°C
Isochrysis sp. AC80 English Channel 15 ISACSOM2 20°C
Isochrysislittoralis AC18 Black sea 10 ILACVB1 20°C
Dicrateria inornata AC49 Black sea 5 DIACVB1 20°C

Hymenomonas globosa AC30 English Channel 13 HGACSOM1 20°C
Hymenomonas globosa AC30 Black sea 10 HGACVB1 20°C
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Figure 3. Flow cytometry plots of the viral fractions 0.45 um) present in the three water samples thesiepi
the most promising infection resu Distinct groups of potential large dsDNA viruse® amarked with rel

circles/boxes.

All the potential infections reportehere presented cdlsis (diagnosecusing light
microscopyand by comparison with a negative cor). Posterior analysis using flo
cytometry in each case clearly denounced distiopufations of viral like particlepresent in
the < 0.45 um fraction (Figl). The signatures of the viraké particles obtainetended to
appeain the region where large dsDNA viruses usuallyupgcompare wittEhV, Fig. 4a).

Several viral populations could be observed afteculation with the viral fractio
present in water samples from the English Cel (offshore and Roscoff's shore. Thi
potentially new viral isolates were obtained wE. huxleyi (Fig. 4b, c, and d), two witG.
oceanica, the sister species E. huxleyi (Fig. 4e and f), and also isolates taken from |y
cultures oflsochrysis and Hymenomonas (Fig. 4g and j). The water samples also prc
fruitful in terms of the different viral populatisnpresent (Fig. 3). Clear distinct vi
signatures were obtained ftmochrysis, Dicrateria, andHymenonomonas (Fig. 4h, i, k). For
Isochrysis andHymenonomonas the viral like particles observed had the same ftgtometry
signature in both the English Channel and the Bsek sample

Upon potential viral lysis, the culture was filtdrhrough 0,2 um, and the isolate v
used to attempt re-infaéon of the original host strain. None of the igelahere reported wi
able to maintain the same levels of (potentialgatifity verified in the initial inoculation:
since no clear signs of infection could be distisguafter the second or third empts of re-

inoculation.
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4. Discussion

The major objective of this project wasisolatenew coccolithophore viruses. Such g
was not achievediven the failure to demonstrate-infection capacity with the potential ne
viral isolates.Despite that draw back, these works ar from being uninformativeThe
location of viral particles oa flow cytometr plot is the result off different factors suchthe
form or the size of thparticles (Marie et al., 1999)n the case of large dsDNA viruses, gi\
their elevated flueescence (after nucleic acid stair with SybrGreen), they tend to occup
particularly elevatedrL1 (forward laser lposition that clearly separates them from smi
viruses, namely the (usuallygry numerous phag (Brussaard, 2004bpuring the course of
the infection attempts here reported we came aamitbslysates that he a flow cytometry

signature very similar to that known large dsDNA viruses (Fig), which lead us to belie\
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that those lysates most likely to contained larg@ADviruses. This comes to corroborate the
previous information provided by Billard and co-Wwers (University of Caen) who had
clearly identified (using electron microscopy) largral particles in coccolithophore species
other thanE. huxleyi (see Fig. 2). To date we do not know yet whates nature of other
coccolithophore viruses (besides EhV), but thiorem@mnd theirs, leaves very few doubts that
coccolithophores are commonly infected by large DhiAses.

Moreover, the water samples originating from thadklSea seemed to be extremely
rich in large DNA viruses, namely when comparethtregular samples taken in the English
Channel, offshore Roscoff. Not only were the lavges like particles very numerous, they
could clearly be identified into several distincbgps. Interestingly those water samples were
among the ones providing the most promising resulitsrms of possible viral isolations. The
basic premise to be able to isolate a virus froreranronmental sample consists in enhancing
the contact between the right host and the rightsviThe Black Sea is a rather constrained
marine environment, probably leading to some sérsegregated evolution among their
phytoplankton communities. It has already been afetmated that viral impact in the
phytoplankton communities is usually very severeufBaard, 2004a), leading to a fast
selective pressure that clearly affects intra-gseduccession (Martinez-Martinez et al.,
2006a; Martinez-Martinez et al., 2006b). Ultimatdiys would implicate a tight evolutionary
connection between phytoplankton and viruses ftifect it. In that sense one could predict
that it would be hard to find the right virus/hastrrespondence when trying to infect
phytoplankton cells collected in the North Sea wiihuses collected in the Black Sea.
Therefore it was with some surprise that we sawtti@Black Sea viral community contains
viruses capable of infecting coccolithophores i lorth Sea.

In what regards EhV, we already knew that straiosfthe North-East Atlantic region
are able to infecE. huxleyi cells originating from the most distant locati@sNew Zealand
or the Japanese Sea (data not published). Althbegiy strictly associated with that same
one species, it seems clear that the largest maligtances possible in our planet or the
possible isolation between oceanic basins aremmigh to create an evolutionary barrier that
would lead to a localized specialization of EhVeTgotential infections obtained between the
viral community present in the samples from thecBl&ea and the English Channel
coccolithophore strains also corroborate this idé&iather phytoplankton host/virus
evolutionary pressures are not strong enough tcentfagse viruses specialize to their hosts
according to their co-localization, or the flux wfuses and plankton cells between such
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(seemingly) isolated marine basins is enough tseenaossible traces of localized co-
evolution, or both.

We must not forget though that all the potentiaalinfections observed during these
works were not successful in terms of producingral vsolate capable of re-infecting the
same strains. We could clearly observe (at leasetimes) the production of viral capsids on
first-time inoculations with complex viral fractisrexisting in natural water samples. These
same viruses however were not capable of maingithieir infectivity after 2 or 3 rounds of
re-inoculation. It seems that something is occgrimbetween inoculation rounds leading to
decrease in infectivity. For example, successftgdtion may rely on a community effect,
which is progressively lost as newly formed virusgs through successive infection
bottlenecks. A natural sample of filtered watertaors a complex community of numerous
viruses and bacteria. Regarding our results weldhmat exclude the possibility that (at least
some) successful infections may rely on interastiamong different viruses, or maybe even
including bacteria. Such enhancing community effeould potentially decrease with
progressive bottleneck selection that occurs fromminoculation to the next.

Numerous hypotheses could be drawn to explain tieerged incapacity to retain
infectivity reported in these works. Although faywm this question will stay without response,
future studies on the subject might help gettingoger understanding of the real infectious

interactions between coccolithophores and theursés in natural oceanic situations.
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Chapter 7.

Final discussion and perspectives

With new DNA sequencing techniques being developed at an astonishing pace, full
genomic sequencing “invaded” the oceanic realm, opening new possibilities for comparative
genomics, namely at the level of host-virus interactions. Such techniques allowed Lindell and co-
workers (Lindell et al., 2004) to demonstrate for the first time a clear case of horizontal gene
transfer (HGT) of photosynthetic genes between Prochlorococcus (a cyanobacteria and one of
the most abundant members of the phytoplankton communities) and the genomes of three phages
from two viral families (Myoviridae and Podoviridae). The possibility of viral control of host
photosynthetic apparatus had important implications for viral and host fitness. By acquiring
genes from their hosts (through HGT), and eventually transferring these genes back to their hosts
after a period of accelerated evolution in the virus, mechanisms of HGT could be influencing the
present fitness landscape of hosts and phages in the surface oceans, and at the same time playing
a major role in the host-virus evolutionary dynamics.

Having the potential for HGT in mind, we started this thesis by focusing on the
coccolithovirus de novo sphingolipid biosynthesis pathway (from herein referred to as
sphingolipid pathway), and in particular trying to find the answer for two defined questions: (1)
what is the origin of these viral genes? and (2) what role do they have during infection?

Using database mining and blast searches we confirmed the existence of the E. huxleyi
sphingolipid pathway, and discovered a clear homology between host and virus pathways. This
was the first clear case of horizontal gene transfer of multiple functionally linked enzymes in a
eukaryotic phytoplankton—virus system (see Chapter 3). PCR assays and sequence comparison
also indicated that these genes were prevalent in E. huxleyi and EhV strains isolated from
different geographic locations. Patterns of protein and gene sequence conservation supported the
functionality of both host and virus pathways, a hypothesis that came corroborate three studies
recently published (Allen et al., 2006; Han et al., 2006; Vardi et al., 2009).

At this stage it was impossible to confirm the direction of the HGT, however the

relevance of that discussion is much wider than this host-virus model; indeed, it is directly linked
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to the debate on the origin of virus, and viral role in the evolution of cellular life. Growing
evidence indicates that all life domains (bacteria, archaea, eukarya, and viruses) are linked by
ancestral genetic traits which would report to some form of pre-cellular world (Forterre, 2006), in
extreme a last universal common ancestor, LUCA (Forterre, Gribaldo, and Brochier, 2005).
Viruses share homologous features across the three domains of cellular life, suggesting that many
genes were created in an ancestral virosphere, being later on transferred (by HGT) to the different
cellular domains (Forterre and Gadelle, 2009).

Regarding the E. huxleyi / coccolithovirus sphingolipid pathway the virus-to-host
direction would suggest the existence of ancient viruses that controlled this complex metabolic
pathway in order to infect primitive eukaryotic cells. This idea would add to the above mentioned
ancestrality of viral genes and their major impact in the creation and development of cellular life
(Villarreal, 2005). In this specific case though, we are more inclined to support the host-to-virus
direction. First, these sphingolipid genes are ubiquitous in eukaryotes. The virus-to-host scenario
would require an additional and earlier HGT for a set of these genes between ancestral eukaryotes
and ancestral viruses (e.g., an earlier HGT prior to the divergence of eukaryotic lineages).
Furthermore, the branching positions of the EhV / E. huxleyi sequences for these genes are
globally compatible with a deep phylogenetic origin of E. huxleyi within eukaryotes. The virus-
to-host scenario would again require an additional (not parsimonious) evolutionary mechanism
forcing the sequences of the EhV homologs to be placed near the basis of eukaryotic trees
without long branches, a situation often not found when reconstructing phylogenetic trees with
viral sequences (Forterre and Gadelle, 2009; Moreira and Brochier-Armanet, 2008).

In our interpretation we considered that, in a host-to-virus gene transfer scenario, the viral
acquisition of the sphingolipid enzyme genes was probably gradual, through multiple HGT
events, rather than through a single en bloc transfer of multiple genes (even if it is difficult to
reliably assess the relative timing of these HGT events). The initial acquisition of one of the
genes of this metabolic pathway, for instance, the enzyme serine palmitoyl transferase (the first
and rate limiting step of this pathway), could have been sufficient for the virus to start
modulating its host’s life span or lipid profile, thus giving this altered virus a selective advantage
on other viral strains. The later acquisitions of additional genes could have further enhanced the
viral capacity to modulate the cellular metabolism. This type of serial gene acquisition by a virus
could be a possible way to increase its fitness, and hence a driving force in the Red Queen

evolutionary race between virus and hosts.
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In the recent years a growing number of studies have argued that HGT mechanisms might
be playing a central role in the evolution of viruses and their hosts (Hendrix et al., 2000; Koonin,
2009). It is worth mentioning here that in the case of E. huxleyi and coccolithovirus the example
of the sphingolipid pathway is most likely not alone in what regards HGT. Further similarity
searches and phylogenetic reconstruction revealed 35 cases of possible HGTs between E. huxleyi
and viruses, the vast majority of which (29 of the 35 cases) happening with coccolithovirus (see
Annexe A). Besides the sphingolipid pathway, the other E. huxleyi / EnVV HGTs were associated
with DNA/RNA processing, transporting function and other metabolisms. The direction of these
HGTs could be in both ways between virus and host, although a host-to-virus scenario seems to
be the most parsimonious for many of these genes. Nevertheless, there are also several cases for
which close homologs of E. huxleyi genes were found only in viruses (and more remotely in
bacteria). These latter add to the idea that (also in the case of EhV) viruses might be representing
an accessible vast genetic pool capable of influencing cellular evolution through mechanisms of
gene transfer.

These results do not contradict in any way the probable ancestrality of viral genes and the
existence of a very ancient virosphere that preceded the creation of cellular life. They reflect the
complexity of life, and the impossibility we have to establish rules that verify in all cases. It is
reasonable to think that many existing genes are reminiscent from an ancient viral world, while
many other genes could have a posterior cellular origin. In our opinion, it is of the utmost
importance to link this new information on viral-mediated HGT with the fact that that viruses
represent the largest genetic pool in our planet (Angly et al., 2006; Suttle, 2005). The accelerated
mutation rates usually associated with viral genes and the inherent genetically promiscuous
relation they endure with their cellular hosts (which as we are seeing potentially enhances HGT
events), makes viruses crucial vectors of genetic information between life domains and an

“endless” reservoir of diverse genetic tools at the disposal of cells.

After the initial quest to unveil possible traces of HGT events present in the E. huxleyi
and EhV genomes, we re-centred our attention on the functionality of the sphingolipid pathway,
and more precisely its use in a complex community situation of a natural E. huxleyi bloom and
EhV infection. A mesocosm environment was hence used to monitor, for the first time, the
transcription levels of both host and virus homologous sphingolipid pathway genes in a marine
microbial community during temporal progression and decline of an E. huxleyi bloom (Pagarete
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et al., 2009, see Chapter 4). More specifically we were able to investigate the dynamics of host
and virus gene expression for two of the most important enzymes in the sphingolipid pathway,
serine palmitoyl transferase (SPT) and dihydroceramide desaturase (DCD). SPT catalyses the
first and rate-limiting step of the pathway, while DCD leads to direct production of ceramide
(Merrill, 2002; Perry et al., 2000).

The use of real time quantitative PCR proved to be a very useful and powerful approach
to investigate abundance dynamics of specific genes in natural oceanic samples. Our study
reported a clear transcriptional pattern displayed along E. huxleyi bloom formation and decline,
with the coccolithovirus transcripts taking over and progressively controlling the sphingolipid
pathway. This experiment was realized in different naturally occurring E. huxleyi blooms. The
reproducible expression profiles observed for all genes tested in those independent enclosures
reinforced the robustness of the data, and lead us to think that the patterns observed may well be a
good representation of natural bloom dynamics.

Crucially, the observed patterns were in accordance with the hypothesis of possible
involvement of viral sphingolipids in the timing and physical processes of virion release from the
host cells. Moreover the EhV sphingolipid pathway genes showed a strikingly similar pattern of
transcript abundance as the structural major capsid protein gene. This denotes to what extent
these “newly imported” pathway (through the above demonstrated HGT events) has been
integrated into the EhV genome, acquiring a functional use that is now seemingly interlinked
with the complex gene machinery used during coccolithovirus infection. The presence of a near
complete sphingolipid pathway in the coccolithovirus genome, in tandem with its substantial
expression during the infection, indicate that sphingolipid biosynthesis is a crucial factor for a
successful coccolithovirus infection.

The physiological function(s) of sphingolipids in either virus or host remains to be
resolved. In numerous other systems, the de novo ceramide metabolism has been identified as
playing an important role in bioactive lipid signalling, activation of apoptosis and other crucial
pathways (Hannun and Obeid, 1995; Hannun and Obeid, 2008). The demonstrated activation of
host metacaspase activity by the coccolithoviruses (Bidle et al., 2007) and production of viral
glycosphingolipids during natural E. huxleyi blooms (Vardi et al., 2009) adds credence to theory
of PCD manipulation in this system. Control of host PCD has been described in other viruses
belonging to the large family of NCLDVs. In all those cases viruses were reported to encode
genomic machinery impeding host’s PCD (Hay and Kannourakis, 2002; McLean et al., 2008).
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The potential coccolithovirus driven activation of host PCD would hence be (for the time being)
another extraordinary feature among the NCLDVs.

Other hypotheses exist though for the function of the coccolithovirus sphingolipid
pathway. It could be that the sphingolipids produced by the host using its own pathway are
different structurally and functionally to those produced by the virus. For example, the host SBP
could be involved in bioactive lipid signalling among cells, while the viral homologous pathway
could eventually be playing a counter role of stereochemical mimic to inhibit that process.
Another theory is that the function of the virally produced sphingolipid could be related to its
inherent physical properties in the cell membrane. These induced sphingolipids could be involved
in vesicle mediated transport inside the cells and/or promote the formation of lipid rafts viral
budding and release. This idea correlates to the recent observations of EnV-86 capsid budding (to
host membrane) and migration inside the cell (Mackinder et al., 2009). Independently of the
outcome of future researches on this subject, this study will stand as the first time one quantified
the transcriptional interplay of homologous metabolic pathways between virus and host during
temporal progression of oceanic E. huxleyi blooms.

Throughout the past 15 years plankton virology has followed a general tendency to go
from the initial global ecological dynamics to specific genomic and functional interactions,
whose works rely on the few available host/virus models available. The previously discussed
works on HGTs between E. huxleyi and EhV are a good demonstration of this. We are convinced
though, that in order to understand the plankton host / virus interactions in their complexity we
should try to complement the lab/strain based approaches, commonly used nowadays, with wider
ecological studies that target real and natural planktonic communities. In that regard the
development of new genomic and transcriptomic tools will be essential to scrutinize through
global metabolic processes and identify major patterns of utilization of genomic information
taking place in the oceans. We had this idea in mind when we decided to perform RNA transcript
measurements on natural samples using qPCR. The clear viral takeover pattern observed was
very promising, and proved the strength of using that approach. However, whilst single gene
analysis can provide a particular functional insight into a particular metabolic process, a genome
wide approach would be essential for broader understanding of physiological interdependence

between genes and metabolical pathways.
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That led us to attempt for the first time a study on both host and virus global
transcriptomics occurring within a natural oceanic community (see Chapter 5). In order to do so,
we focused on the progression of an E. huxleyi bloom followed by the inevitable crash provoked
by the severely lytic EhV. We designed a microarray set to target both E. huxleyi and EhV wide
gene transcription patterns. Before conducting this microarray study the ideas existing on the
EhV infection strategy, and metabolic requirements during infection, were based solely on
coccolithovirus transcription data. Having novel access to host probes we could push our
comprehension a step further with a study that combined simultaneous host and virus transcript

analysis.

We think that when measuring global host/virus transcript levels using natural community
samples, the significance of the results depends largely on two major factors: (1) that there is
significant genetic resemblance between the targeted natural strains and the host/virus strains
used for microarray design; and (2) that transcription patterns are extensively synchronized
within the community. In our opinion both these conditions were present in our study. We were
able to observe specifically E. huxleyi and EhV transcription profile evolution among all the other
transcripts being produced by the global planktonic community. This reflected the outstanding
community overtake produced by E. huxleyi cells during bloom stages. If this was not the case
then any transcriptomic message being produced inside E. huxleyi cells would most probably be
“diluted” in the pool of total transcripts present in the water. Moreover, our results also supported
the idea that bloom/infection processes involve synchronized interactions between cells, which
seem regulated by strict constraints and stages. Through the use of a microarray approach, we
could confirm that there is an extensive and synchronized viral activation throughout the global
E. huxleyi “blooming” community as infection develops. That viral activation was synchronized,
allowing the recognition of the same viral takeover pattern that had previously been observed
with real time PCR data (Pagarete et al., 2009, see Chapter 4).

A big difficulty when trying to perform this type of study is to identify distinct moments
where gene expression corresponds to different biological stages. In the case of microalgae
blooms and consequent viral infections, that task may be simplified by the existence of clearly
recognizable pre and post viral takeover stages. We already knew that the great majority of the
EhV genes are expressed during infection (Allen et al., 2006; Wilson et al., 2005). Moreover,
gPCR data had also showed that EhV genes involved in very different functions (such as the
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major capsid protein, or the sphingolipid pathway) are clearly activated during infection, with
transcript abundance values raising of several orders of magnitude (Pagarete et al., 2009, see
Chapter 4). We chose, hence, to focus our analysis on the genes that significantly increased in
transcript abundance from pre to post viral takeover. The fact that the abundance of these
transcripts oscillates around a moment of viral takeover made us more confident to believe that
their regulation is linked to the process of EhV infection.

The first and clearest result was to discover that, from the bulk of E. huxleyi and EhV
genes, the great majority of those that significantly increased in transcript abundance from pre to
post viral takeover were of viral origin. Although being an expected situation, given that previous
reports had already showed that there is an extensive activation of the coccolithovirus genome
upon infection (Allen et al., 2006; Wilson et al., 2005), this was the first time we confirmed this
phenomena among a complex community of wild coccolithovirus.

Moreover, our pre to post viral takeover analysis revealed not only the requirement of
EhV genes, but also the increase in transcript abundance of numerous E. huxleyi genes putatively
related to many different metabolic pathways. It should be noted that, although we could predict
the function of some of those genes (through sequence comparison and phylogenetic inference),
the large bulk of them remain to be functionally annotated. This is a recurrent situation in the
characterization of large viral genomes, for which most of the genes have no homologues in the
existing genomic and protein databases.

An analysis of the annotated genes allowed us to build an interpretation of possible
metabolic mechanisms being required during coccolithovirus infection. Logically, that
interpretation was based on (1) the current knowledge we have of the E. huxleyi / EhV model and
(2) the examples of characterized gene functions from other host / virus systems. Hence, among a
very large list of annotated E. huxleyi and EhV genes that significantly increased transcript
abundance from pre to post viral takeover, we pointed out a few genes that are probably involved
in (expected) functions such as genetic information processing, and also in some (less expected)
functions such as posttranslational control, intracellular trafficking mechanisms, or even control
of programmed cell death.

One of the major “priorities” for a virus during infection is to replicate and translate its
genetic information into newly synthesized viruses. It was hence logical that our results indicated
the recruitment of numerous amino acid and nucleotide metabolism related genes, most probably

in response to that need for genetic information processing. Several transcription related EhV
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encoded genes were highly transcribed during infection, such as viral DNA polymerase and
topoisomerase. Moreover several E. huxleyi genes related to mRNA splicing, ribosomal function
and translation were also clearly up-regulated. Further down the line post-translational processes
were consistently required, with virus and host sharing potentially interlinked functions namely
through the use of protein cleavage enzymes and protein chaperones.

Another striking example of transcriptional features identified for the first time in the
course of this experiment regards the manipulation of cell cytoskeleton machinery pathways
(through actin transcription regulation). Similar cases had been identified in numerous other
viruses as a mean to avoid molecular crowding inside the cell (Radtke, Dohner, and Sodeik,
2006). Namely among the large NCLDV group, herpesviruses and poxviruses, for example, it has
been shown the use of host actin and microtubule transport systems for several steps during their
life cycle (Forest, Barnard, and Baines, 2005; Schramm and Locker, 2005). We propose that if
the need for active intracellular transport mechanisms is related to the size of the particles in
question, then this would probably be of crucial importance for a “giant” virus such as EhV
(capsid diameter between 160-180 nm). Moreover this potential EhV active transport mechanism
would demand energy production and conversion, which could explain the up-regulation verified
for genes like ATP synthase, NADH-dehydrogenase or vacuolar ATPase. This data was in
accordance with the recent observation of EhV capsid displacement inside the host cells during
infection (Mackinder et al., 2009).

Even more surprisingly this same study (Mackinder et al., 2009) argued that
coccolithoviruses have an infection mechanism different from that employed by other algal
NCLDVs, with entry and exit strategies showing a greater analogy to animal-like NCLDVs. This
was based on observations of EhV-86 entering its host via either an endocytotic or an envelope
fusion mechanism, and also on a budding mediated mechanism for virus progeny release. In our
study several lipid transport and metabolism genes were identified, which could also be involved
in membrane and vesicle related capsid transport. Although lipid function during EhV infection is
still poorly understood, our study added to the idea that lipids play a fundamental role, recently
demonstrated in the field (\Vardi et al., 2009).

Overall, the gene utilization features observed with our microarray study seem to relate to
the conception of virus factories commonly known for other large DNA viruses. When a virus
enters a cell, the subsequent steps in its replication cycle involve interactions between different
types of viral and host components. These interactions may be more or less complex depending
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on the infections strategy used by each virus. In the case of large DNA viruses, which are known
for carrying particularly rich and complex genomes, it is common to observe large areas of the
infected cell modified for the creation of functional dynamic structures where efficient viral
morphogenesis occurs. That functional viral structure, known as “viral factory” (Novoa et al.,
2005), has been reported for several complex NCLDVs, namely the Poxviridae, Iridoviridae,
Asfarviridae, Herpesviridae, and Mimiviridae. According to our results EhV probably employs a
similar “viral factory” strategy. This supports the idea of an evolutionary continuum that would
link distant groups of large DNA viruses, such as the coccolithovirus, to other NCLDVs that
infect animals and other life forms.

We must not forget that the knowledge we have of the mechanisms of infection used by
EhV is still very incipient, which is why all the hints of possible gene function requirement here
presented are breakthroughs on the path to better understand this virus. At this stage it would be
too early to present a detailed picture of the metabolic interactions happening inside E. huxleyi
cells during coccolithovirus infection. Any putative gene functions being utilized by either virus
or host metabolisms need to be confirmed through functionality tests. Nonetheless, the genes
presenting very high transcriptional changes throughout EhV infection may reveal very useful as

potential markers for ecological monitoring of coccolithovirus communities.

Perspectives for future research

In the works here described we presented the discovery of outstanding HGT events that
corroborate the very close interactions occurring between the cellular and viral life, and confirm
the extraordinary role that viruses play in evolution and ecology. These examples though may
well be the tip of an iceberg. In the immediate future the list of 35 reported cases of HGT
demands further characterization, both with phylogenetic analysis that will allow understanding
better the origin of these genes, as well as with functionality assays to discover their potential
importance and role in the coccolithovirus genome.

We also discovered the utilization of specific host and virus genes during EhV infection,
which not only allowed us to foresee possible cellular mechanisms that EhV uses during
infection, but also contributed to the newly forming idea of an evolutionary continuum between
the different NCLDVs, with microalgae viruses hypothetically representing ancestral forms of
this large group of DNA viruses. These insights into the metabolic processes required during
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EhV infection are still very incipient though. Further and more detailed characterization of gene
use is demanded. For instance, it is essential to develop tools that will allow disentangling the
viral activated metabolic mechanisms from the host responses to the viral attack. Such demarche
should be accompanied of functionality tests using proteomic tools to clearly unveil the role
played by the different proteins that we now know are required during infection. Here we should
not forget that in what regards the great majority of host and virus genes we are severely
conditioned by the impossibility (so far) of even predicting their function. Future hybridization
tests could be envisaged that will take advantage of the knowledge we have so far, both on
probable gene functions and utilization of certain genes, to open the door to many of the
unknown genes that make the complex EhV genome black box.

On an ecological perspective, we were able to demonstrate the utilization of the
outstanding coccolithovirus sphingolipid pathway during natural E. huxleyi blooms, and its close
relation to the dynamics of the bloom and infection development. These genes remain a source of
discussion and of high scientific interest. Our studies, with others, confirmed the importance that
this pathway has in the course of EhV infection. However, some of the most interesting and
elementary questions regarding these genes remain to be answered: what is the real role of the
coccolithovirus sphingolipid pathway during infection? is it related to a form of controlling host
cellular death, or is it implicated in the vesicle trafficking and budding mechanisms that are
probably occurring? The answer to these questions will once again demand entering the
proteomic world, and the utilization of functionality tests. Moreover, it would be extremely
useful the development of gene manipulation tools (so far inexistent in this system), to allow the
possibility of introducing artificial mutations and performing gene knockouts. We are positive
that the possible discovery that this coccolithophore virus has acquired mechanisms to, and is
capable of, controlling the death of its host would be a remarkable scientific breakthrough.
Certainly it would significantly condition the way we conceive phytoplankton virology and the
role played by protist viruses in the oceans. The observed scenario of increased lipid production
during coccolithovirus infection is also, and on its own, a very interesting feature, especially in a
world that is turning into microalgae culturing as a source of renewable energy. Viruses may well
represent excellent tools to efficiently breakdown cells for lipid harvesting, with the possible
advantage of increasing the amounts of produced lipids in the process.

As a final note we would like to say that the isolated microalgae viruses that are available

in today’s laboratories remain very scarce examples of the colossal diversity of viruses existing in
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the oceans. This clearly reflects the embryonic state of phytoplankton virology. We consider that
the most significant achievements to be made in near future in this field pass by the isolation and
characterization of new viruses. Indeed, a significant amount of this thesis’s period was spent
trying to isolate new coccolithophore viruses (see Chapter 6). Our attempts proved that what
seems to be a somewhat straightforward task for some viruses and some host cells, may reveal a
very hard objective in others. This means that the conditions to isolate viruses are not
standardized and that specific methodologies should be adapted for each virus and host
interaction under study. This is clearly a daunting task. Hopefully in the future we will be able to
develop protocols to allow the large scale assessment for many different microalgae, allowing the
discovery of a whole new range of viruses.

Plankton virology is implicated in very important and diversified areas of scientific
research. These go from the most fundamental debate on the origin of cellular life, have crucial
implications for the comprehension of major biological interactions in the oceans and regulation
of Earth’s chemical cycles, and even include a vast panoply of potential energetic and medical
applications with high impact for mankind. Working at the same time on the vastest reservoir of
genetic diversity existing on our planet, and on the limits of life as we know it, plankton virology
has developed into one of the most exciting and promising fields of modern science, one that
surely will not stop enlightening us with significant and unexpected discoveries in the decades to

come.
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1. Structural and Genomic Information LaboratornNRS-UPR2589, Mediterranean Institute of Microbigiog
(IFR-88), Université de la Méditerranée, Parc Stiique de Luminy, 163 avenue de Luminy Case 9B4, F
13288 Marseille, France.

2. Equipe EPPO-Evolution du Plancton et PaléoOcéamnRS-UMR7144, Université Pierre et Marie Curie,
Station Biologique, FR-29682 Roscoff, France.

1. Brief report

Horizontal gene transfers (HGTs) between phytogt@amland their viruses could be a
driving force in the co-evolutionary processeshait genomes (Hendrix et al., 2000). Recent
reports on HGTs between cyanobacteria and cyaneghsigpports this view for prokaryotic
systems (Lindell et al., 2007; Yoshida et al., 2008owever, the occurrence of HGTSs is
much less documented for eukaryotic systems dtleettack of genomic sequence data. Our
analysis combining similarity searches and phylegjerreconstruction revealed 35 cases of

possible HGTs betweds. huxleyiand virusesTable 1, Table S).

Table 1.Putative lateral gene transfer betwé&erhuxleyiand viruses.

Ehux Viral species Best viral Putative function Putative biological
protein homolog process
ID (%-identity, E-
value)

54601 Emiliania huxleyivirus 86 ehv061 Dihydroceramide desaturase Sphingolipid pathway
(34%, 3x10-36)

200862 Emiliania huxleyivirus 86 ehv014 Dihydroceramide synthase (Lagl) Sphingolipid pathway
(37%, 1x10-44)

43654  Emiliania huxleyivirus 86 ehv077 Long chain fatty acid elongation Sphingolipid pathway
(55%, 1x10-63)

196284 Emiliania huxleyivirus 86 ehv415 Fatty acid desaturase (Acol, delta- Sphingolipid pathway
(31%, 3x10-22)

432901 Emiliania huxleyivirus 86 ehv050 Serine palmitoyltransferase (tri- Sphingolipid pathway

(44%, 1x10-  domain architecture of
145) LCB2/LCB1/PAP2)

193908 Emiliania huxleyivirus 86 ehv079 Lipid phosphate phosphatase (PAP Sphingolipid pathway
(26%, 4x10-15) superfamily)

210457 Emiliania huxleyivirus 86 ehv031 ERG3, Sterol desaturase Sphingolipid pathway

(42%, 1x10-54)

*Antonio Pagarete contributed to the annotatiorttad genes presented in this report. 158
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102590

432191

97888

420219

208320

215136

61414

212478

446612

235604

434519

197639

432978

432205

443105

111551

440222

461715

193896

200323

205088

260349

508420

454190

242737

243604

122629

439872

Emiliania huxleyivirus 86
Emiliania huxleyivirus 86

Emiliania huxleyivirus 86

Emiliania huxleyivirus 86

Emiliania huxleyivirus 86

Emiliania huxleyivirus 86
Emiliania huxleyivirus 86
Emiliania huxleyivirus 86
Emiliania huxleyivirus 86
Emiliania huxleyivirus 86
Emiliania huxleyivirus 86
Emiliania huxleyivirus 86
Emiliania huxleyivirus 86
Emiliania huxleyivirus 86
Emiliania huxleyivirus 86
Emiliania huxleyivirus 86
Emiliania huxleyivirus 86
Emiliania huxleyivirus 86
Emiliania huxleyivirus 86
Emiliania huxleyivirus 86
Emiliania huxleyivirus 86
Emiliania huxleyivirus 86
Mimivirus

NCLDVs (Mimivirus,
EtV1, OtV5, PBCVs,
ASCV1)

PBCV-1, OtV5

NCLDVs (Mimivirus,
PBCVs, ASCV1)

Enterobacteria phages

Synechococcyshage
Syn9

ehv116
(30%, 7x10-34)

ehv395
(25%, 1x10-12)

ehv400
(36%, 5x10-19)

ehv158
(57%, 3x10-98)

ehv141
(35%, 2x10-39)

ehv431
(37%, 1x10-44)
ehv117
(54%, 4x10-54)
ehv179
(41%, 3x10-95)
ehv056
(36%, 2x10-22)
ehv421
(27%, 3x10-17)
ehv032
(40%, 2x10-32)
ehv092
(44%, 7x10-9)
ehv095
(49%, 3x10-60)
ehv155
(58%, 1x10-54)
ehv161
(43%, 1x10-78)
ehvl76
(50%, 1x10-11)
ehv186
(29%, 2x10-7)
ehv192
(41%, 2x10-21)
ehv222
(25%, 8x10-10)
ehv225
(38%, 5x10-11)
ehv408
(24%, 5x10-8)
ehv424
(40%, 3x10-27)
MIMI_L315
(26%, 4x10-24)
OsV5_067f
(25%, 2x10-23)

OsV5_146f
(37%, 7x10-10)
Q98540_PBCV

1

(34%, 4x10-11)
A5PJ32_9CAU

D
(36%, 5x10-26)
QOQZH8_9CA

uD
(39%, 6x10-29)

ERGS3, Sterol desaturase

Secl4p-like lipid-binding domain

Lipocalin-like protein

ATP-dependent DNA ligase

DNA repair and recombination
protein pifl-like with HRDC
(Helicase and RNase D C-terminal)

domain
Tmk, Thymidylate kinase

Phosphate permease
MFS_1, Major Facilitator

Superfamily
Methyltransferase

Glycosyl transferase family 8-like

protein
Hypothetical protein

Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein

Hypothetical protein

Formamidopyrimidine-DNA

glycosylase

SSL2, DNA or RNA helicases of

superfamily Il

YqgaJ viral recombinase family

Hypothetical protein

DNA cytosine methylase

20G-Fell_Oxy domain-containing

protein

Sphingolipid pathway
Membrane dynamics
Membrane dynamics
(possibly transporter of
lipids)

DNA/RNA processing

DNA/RNA processing

DNA/RNA processing
Transporter
Transporter
Metabolism

Metabolism

DNA/RNA processing

DNA/RNA processing

DNA/RNA processing

DNA/RNA processing
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Remarkably, a vast majority of the HGTs (29 of 8&ecases) were betwe&n huxleyi
andE. huxleyiviruses (EhV’s), large lytic DNA viruses that réape the yearly “boom and
bust” successions d&. huxleyiblooms (Martinez et al., 2007; Wilson et al., 2005Ten of
these genes were predicted to be involved in lipetabolism and/or membrane trafficking,
including a series of enzyme genes belonging taséme biosynthetic pathway of ceramide
(Monier et al.,, 2009). OtheE. huxleyiEhV HGTs were associated with DNA/RNA
processing (4 cases), transporting function (2 )asether metabolisms (2 cases) and 11
hypothetical proteins. These 29 HGTs corresporwhtp 6% of the genes encoded in the 407
kb EhV genome (Wilson et al., 2005b), albeit besndpstantially higher than the previously
reported HGTs (<1%) between the green dgdreococcus taur{12.6 Mbp) and its virus
OtV5 (186 kbp) (Derelle et al., 2008). The remainsix putative HGTs concerned other
large eukaryotic viruses (4 cases) and phages ¢8staWe also found several types of
relatively short interspersed DNA repeats uniqusthared betweelkE. huxleyiand EhV
(Table 2 Fig. 1).

Table 2.EhV-86 genomic sequence regions showing signifisantlarities in theE. huxleyigenome sequences.

EhV-86 genomic coordinate BLASTN hits (E-value<le-10) in th€. huxleyigenome Sequence feature

Start End Length (bp) # of HSPs # E. huxleyiscaffold

59758 59861 104 1 1 GGN (or NCC) rich sequence
60397 60466 70 1 1 GGN (or NCC) rich sequence
127859 128101 243 66 34 GGN (or NCC) rich sequence
128234 128353 120 8 4 GGN (or NCC) rich sequence
137808 137892 85 21 17 A rearrangement betwden

huxleyiand EhV

181582 181764 183 149 7 GGN (or NCC) rich sequence
184489 184601 113 1 1 GGN (or NCC) rich sequence
187728 187936 209 86 53 GGN (or NCC) rich sequence
188151 188192 42 2 2 GGN (or NCC) rich sequence
188559 188731 173 238 21 GGN (or NCC) rich sequence
188970 189333 364 251 41 GGN (or NCC) rich sequence
197822 199069 1248 794 79 GGN (or NCC) rich sequence
272296 272338 43 4 4 GGN (or NCC) rich sequence
307015 307463 449 10 9 GGN (or NCC) rich sequence
307474 307724 251 3 3 GGN (or NCC) rich sequence
307820 307997 178 2 2 GGN (or NCC) rich sequence
308008 308258 251 3 3 GGN (or NCC) rich sequence
308281 308590 310 3 3 GGN (or NCC) rich sequence
308621 308818 198 47 5 GGN (or NCC) rich sequence
309583 309656 74 13 12 GGN (or NCC) rich sequence
309726 309799 74 2 2 GGN (or NCC) rich sequence
309856 310016 161 37 12 GGN (or NCC) rich sequence
310278 310545 268 39 14 GGN (or NCC) rich sequence
311553 311664 112 1 1 GGN (or NCC) rich sequence
349695 349772 78 35 33 GGN (or NCC) rich sequence
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These results suggest that lateral gene transéets taken place during the evolution
of E. huxleyiand its viruses. The direction of these HGTs cdaddin both ways between
virus and host. On one hand, the direction fierhuxleyito its virus is likely for many of
these HGTs, where the host and viral genes extliise homologs in other eukaryot&sg(
S1). On the other hand, in several cases (for inst@hcix454190 ifig. SJ), close homologs
of E. huxleyigenes were found only in viruses (and more rematebacteria). This latter
suggests thaE. huxleyimight have an access to the genetic pool of vérumed that of
bacteria through viruses in an evolutionary timalesc

(@)

Figure 1. Interspersed repeats
EhV 85 bp sequence (position: + 137808..137892)

T

uniquely present irE. huxleyi
and EhV. &, b) Repeated
sequences found over 20

times in differentE. huxleyi

>

59 bp scaffolds and once in the EhV

68 bp 28 bp

genome. € An example of

E. huxleyi 155 bp sequences (over 20 times in different scaffolds) the alignment for the GGN-

rich interspersed repeats found
(b) in both E. huxleyi and EhV.
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1

(EhV-86: + 137834..137892)

CACACGCACACAC- CACTCCATACGCGAGCACGCTCTCGCTCCGCCGCT CGT GOGCCC- -
CACACACACACACACACT CCATGGGECGAGCCCGCTCT CECTCCGCCGCT CGT GOGCCE- -
CACACACACGCACACACT CCATACGCGATCCTGCTCT CGCTCCGCCGCT CGT GOGCCC- -
CACACACACACACACACACCATACGCGAGCCTGCTCT CGCTCCGCCGCT CGT GOGCCC- -
CACACACACACACACACACCATACGCGAGCCCGCTCTCGCTCCGCCGLT CGT GCGCCC- -
CACACACACACACACACT CCATACGCGAGCCCGCTCTCGCTCCGCCGLT CGT GCGCCC- -
CACACACACACACACACT CCATACGCGAGCCCGCTCTCGCTCCGCCGLT CGT GCGCCC- -
CACACACACACACACACT CCATACGCGAGCCCGCTCTCGCTCCGCCGLT CGT GCGCCC- -
CACACACACACACACACT CCATACGCGAGCCCGCTCTCGCTCCGCCGLT CGT GCGCCC- -
CACACACACACACACACT CCATACGCGAGCCCGCTCTCGECTCCGCCGLT CGT GCGCCC- -
CACACACACACAC- CACT CCATACGCGAGCCCGCTCTCGCTCCGECCGCTCGT GCECCCCG
CACACACACACAC- CACTCCATACGCGAGCCCGCTCTCGCTCCGCCGCTCGT GCECCCCG
CACACACACACAC- CACT CCATACGCGAGCCCGCTCTCGCTCCGCCGCTCGT GCECCCCG
CACACACACACAC- CACTCCATACGCGAGCCCGCTCTCGCTCCGCCGCTCGT GCGCCCCG
CACACACACACAC- CACTCCATACGCGAGCCCGCTCTCGCTCCGCCGCTCGT GCGCCCCG
CACACACACACAC- CACT CCATACGCGAGCCCGCTCTCGCTCCGCCGCTCGT GCECCCCG
CACACACACACACACACT CCATACGCGAGCCCGCTCT CGCTCCGCCGCT CGT GOGCCC- -
CACACACACACACACACT CCATACGCGAGCCCGCTCT CGCTCCGCCGCT CGT GOGCCC- -
CACACACATACACACACT CCATACGCGAGCCCGCTCT CGCTCCGCCGCT CGT GOGCCC- -
CACACACACACACACACT CCATACGCGAGCCCGCTCT CGCTCCGCCGCT CGT GOGCCC- -

CG
CGCACATGT CGGCTTTCTCATGCCT CCGGCCT CCGAGCGCCCACCT CGGGECGCT CGGEGECG

CGCGCACGT CGGECTTTCT CAT GCCTCCGGECCT CCGAGCGCCCACCT CGEGECGCT CGRECG
CGCGCATGTCGGECTTTCTCATGCCTCCGGECCT CCGAGCGCCCACCT TGEGECGCT CGEECG
CGCGCATGT CGECCT TCTCAT GCCTCCGECCT CCGAGCGCCCACCT CGEGECGECT CGEECG
CGCGCATGT CGECCT TCTCAT GCCTCCGGECCT CCGAGCGCCCACCT CGEGECGECT CGEECG
CGCGCATGT CGECCT TCTCAT GCCTCCGGECCT CCGAGCGCCCACCT CGEGECGECT CGEECG
CGCGCATGT CGECCT TCTCAT GCCTCCGGECCT CCGAGCGCCCACCT CGEGECGCT CGEECG
CGCGCATGT CGECCT TCTCAT GCCTCCGECCT CCGAGCGCCCACCT CGEGECGECT CGEECG
CGCGCATGT CGECCT TCTCAT GCCTCCGECCT CCGAGCGCCCACCT CGEGECGCT CGEECG
CGCGCATGT CGECCT TCTCAT GCCTCCGGCCT CCGAGCGCCCACCT CGEGECGCT CGEECG
CGCGCATGTCAGCTTTCT CATGCCTCCGGCCT CCGAGCGCCCACCT CGEGECGECT CGEECG
CGCGCATGTCAGCTTTCTCATGCCTCCGGCCT CCGAGCGCCCACCT CGEGECGECT CGEECG
CGCGCATGT CAGCCT TCTCAT GCCTCCGGCCT CCGAGCGCCCACCT CGEGECGECT CGEECG
CGCGCATGT CAGCCT TCTCAT GCCTCCGGCCT CCGAGCGCCCACCT CGEGECGECT CGEECG
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Scaf fol d_68
Scaffol d_138.2
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(€)

GTGGGGAATGTCATATCGGT TCCCTGGGCGT TCACT
GTTGGGGATGGCATATTGGT TCCCTGGGECGT TCACT
GTTGGGGATGACATATCGGT TCCCTGGGECGT TCACT
GTTGGGGATGGCATATCGGT TCCCTGGGECGT TCACT
GTTGGGGATTGCATATCGGT TCCCTGGGECGT TCACT
GTTGGGEG- TGECATATCGGT TCCCTGGGECGT TCAC

GTTGGGEG- TGECATATCGGT TCCCTGGGECGT TCAC

GTTGGGGATGGCATATCGGT TCCCTGGGECGT TCACT
GTTGGGGATGGCATATCGGT TCCCTGGGECGT TCACT
GT TGGGGATGGCATATCGGT TCCCTGGGECGT TCACT
GT TGGGGATGGCATATCGGT TCCCTGGGECGT TCACT
GT TGGGGATGGCATATCGGT TCCCTGGGECGT TCACT
GT TGGGGATGGCATATCGGT TCCCTGGGECGT TCACT
GT TGGGGATGGCATATCGGT TCCCTGGGECGT TCACT
GTTGGGGATGGCATATCGGT TCCCTGGGECGT TCACT
GT TGGGGATGGCATATCGGT TCCCTGGGECGT TCACT
GTTGGGGATGGCATATCGGT TCCCTGGGECGT TCACT
GTTGGGGATGECATATCGGTTCCCTGG: - - - - - - - -

GTTGGGGATGECATATCGGTTCCCTGG: - - - - - - - -

Score = 529 bhits (267), Expect = e-149
ldentities = 776/945 (82%, Gaps = 3/945 (0%

Strand = Plus / Plus

Query: 226  gtggtggag

[l
Shjct: 43746 gtg

LI O 8 S 8 SR
Sbj ct: 43806 gcggt ggt ggcggt gg- - - t gacggt ggt ggt gat ggt ggt ggt ggt ggt ggt ggt ggt g

Query: 346 gt ggagat
(111
Sbhj ct: 43863 gtggtggt

Query: 406 gcggagat
[ 1]
Sbj ct: 43923 gtggt ggt

Query: 466 gtg
|

| ||
Shj ct: 43983 gt ggt ggt

Query: 526 t

S A A S R
Sbj ct: 44103 gtggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt g

Query: 646 gt
|

Sbjct: 44163 gt

Query: 706

|
Sbjct: 44223 g

peT RN
Shj ct: 44283 gtggtggtgg
Query: 826 ﬁ?lgflg?agatggcggtggtggagatggtggtggtggagatggcggtggaggtgatggtg
Sbj ct: 44343 gt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt g
e P P ) P P P e e e

[l
gtggtg

1
Shj ct: 44043 gtggtggtg

gcggt ggag ggt ggt gg
IR
ggt ggt ggt g ggt ggt gg

cggt tggtg
CECEE T T TEEn
tggt tggtyg

at ggt ggcggt ggagat ggt ggcggt gg
CEETEE TErre et rereer 1t
atggt ggt ggt ggt ggt ggt ggt ggt gg

ggt ggt ggt ggagat ggcggt ggt gg
AR
ggt ggt ggcggt ggt ggeggt ggt gg

ggt ggt ggt ggagat ggcggt ggt ggagat ggt gg
CECPELEEETEE e Leeeeer o et
ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt gg

gtg
||||H
ggtgg

agtg gt gat ggt ggt ggcggagat ggt g
(111 |||||| ||||||| |||||||||||||| [EEIETTT
ggtg gt ggt ggt ggt ggt ggt ggt ggt ggt g

at ggcggt ggaggt gat

gtagt ggt ggt ggt ggt

ggagat ggcgg

ggtggtggtgg

agat ggcggt ggaggcgat ggt g

tggt ggt ggt ggt ggt ggt ggt g

TP T e D LT L P e T
tggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt g

TP T TP T PP T T
tggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt g

285

43805

345

43862

405

43922

465

43982

525

44042

585

44102

645

44162

705

44222

765

44282

825

44342

885

44402

945
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Sbj ct: 44403 gt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggcc 44462

Query: 946 agal agal 1005

i SRR
Sbj ct: 44463 gtggtggtgg ggaagt ggt cct cgt ggt ggt ggt ggt ggt ggt ggt ggt g 44522

LRI TG
Sbj ct: 44523 gtggccaccgt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt ggt g 44582

RO AT
Sbj ct: 44583 gtggt ggt ggt ggt ggt gggt gt ggt ggt ggt ggt gt t ggt ggt ggt gt t ggt gt t ggt g 44642

RN R
Sbhj ct: 44643 gtgttggtggt ggt ggt ggt ggt ggt ggt ggt gggt gt ggt ggt g 44687

2. Methods

Homologous sequencesBf huxleyiprotein models (the JGI reduced set) were gathered
from UniProt (UniProtConsortium, 2008) using BLASTIPSI-BLAST and BLASTCLUST
(Altschul et al., 1997). Multiple sequence alignnsamwere generated using MUSCLE (Edgar,
2004). All the gap-containing sites in the aligninevere excluded in the phylogenetic
analysis. Phylogenetic analyses were performedgugie neighbor-joining (NJ) method
implemented in ClustalW (Chenna et al., 2003) dved haximum likelihood (ML) method
implemented in PhyML (Dereeper et al., 2008; Gumdad Gascuel, 2003). NJ analysis was
performed based on the distances with Kimura'semtion. ML analysis was performed with
WAG substitution model and a gamma low (four raagegories). We considerdtl huxleyi
and viral proteins as potentially originating fromorizontal gene transfer if their closest
homologs were only found i&. huxleyiand viruses, or if th&. huxleyiand viral protein
sequences formed a monophyletic group in both Nd-ML-analyses. Statistical supports for

the phylogenetic reconstructions are provideHig 1 andTable S1
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published as an integral part of an article disicgsshe various aspects ligated with the
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sequencing of th&. huxleyigenome. HO and JMC were the main heads behingrtject,

AP contributed to the annotation of the genes aealyn this report.

5. Supplementary data - Tables

Table S1.Putative lateral gene transfer betw&eruxleyiand viruses.

IGI Number
Ehux _ Scai- Best hit species l_3est of _BLAST Viral Euka- Bgcte- Archa-  Other
) Annotation (BLASTP/ hit E- hits (E- . ryote rial . .
protein fold ID . hits ) . eal hits  hits
D UniProt)* value value < hits hits
0.001)
43654 ELO, GNS1/SUR4 family (long 39 EhV-86 1E-63 232 1 231 0 0 0
chain fatty acid elongation systems
that produce the 26-carbon
precursors for ceramide and
sphingolipid synthesis)
54601 Dihydroceramide desaturase 675 EhV-86 3E-36 95 1 92 2 0 0
(Dsd1, delta-4)
61414 (Nutrient) Phosphate permease Tetraselmis chuii. 3E-57 250 1 137 112 0
97888 Lipocalin-like (Lipocalins are 12 EhV-86 5E-19 7 1 4 2 0
transporters for small hydrophobic
molecules, such as lipids, steroid
hormones, bilins, and retinoids.)
102590 ERG3, Sterol desaturase 41 EhV-86 7E-34 5 1 4 0 0
111551 Hypothetical protein 153 EhV-86 1E-11 1 1 0 0 0
122629 Putative DNA cytosine methylase 1385 Entmrtdia phage 5E-26 5 4 0 1 0
TLS
193896 Hypothetical protein 1 EhV-86 8E-10 1 1 0 0 0
193908 Lipid phosphate phosphatase 1 EhV-86 4E-15 2 1 1 0 0
(PAP2 superfamily)
196284  Fatty acid desaturase (Acol, delta- 4 EhV-86 3E-22 233 1 86 146 0
9)
197639 Hypothetical protein 5 EhV-86 7E-09 1 1 0 0 0
200323 Hypothetical protein 11 EhV-86 5E-11 1 1 0 0 0
200862 Dihydroceramide synthase 13 EhV-86 1E-44 198 1 197 0 0 0
(longevity-assurance LAG1
family)
205088 Hypothetical protein 23 EhV-86 5E-08 2 2 0 0 0 0
208320 (DNA processing) DNA repair and 35 EhV-86 2E-39 137 1 86 a7 2 1
recombination protein pifl-like
with HRDC (Helicase and RNase
D C-terminal) domain
210457 ERGS, Sterol desaturase 43 EhV-86 1E-54 194 1 190 3 0 0
212478 MFS_1, Major Facilitator 52 EhV-86 3E-95 45 1 43 1 0 0
Superfamily
215136 (DNA processing) Tmk, 64 Trypanosomabrucei. 5E-48 80 3 41 31 5 0
Thymidylate kinase
235604  (Sugar metabolism) Glycosyl 223 EhV-86 3E-17 1 1 0 0 0 0
transferase family 8-like protein
242737 (DNA processing) YqgaJ viral 367 Arabidopsis thaliana  5E-11 22 2 15 5 0 0
recombinase family
243604 Hypothetical protein 393 Paramecium bursaria4E-11 12 12 0 0 0 0
Chlorella virus 1
260349  Hypothetical protein 10861 EhV-86 3E-27 1 1 0 0 0
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Table S1.(cont.)

420219

432191
432205
432901

432978
434519
439872

440222
443105
446612
454190

461715
508420

(DNA processing) ATP-dependent
DNA ligase

Sec14p-like lipid-binding domain
Hypothetical protein

Serine palmitoyltransferase (tri-
domain architecture of
LCB2/LCB1/PAP2)

Hypothetical protein
Hypothetical protein

20G-Fell_Oxy domain-containing
protein (Prolyl 4-hydroxylase
alpha subunit-like)

Hypothetical protein
Hypothetical protein
Methyltransferase

(DNA processing) SSL2, DNA or
RNA helicases of superfamily I

Hypothetical protein

(DNA processing)
Formamidopyrimidine-DNA
glycosylase

1 Dictyostelium 1E-104
discoideum
3 EhV-86 -1E
3 Ehv-86 1E-54
7 EhV-86 1E-145
8 EhV-86 3E-60
19 EhV-86 2E-32
110 Synechococcus phage 6E-29
syn9.
120 EhV-86 2E-07
218 EhV-86 1E-78
913 EhV-86 2E-22

103 Paramecium bursaria 2E-23
Chlorella virus

AR158.
7 EhV-86 2E-21
652 Acanthamoeba 4E-24

polyphaga mimivirus

250

20

250

64

61

14

44 150
1 19
1 1

1 191
1 0

2 0

6 0
1 0

1 0

1 0

9 0
1 0

1 1

54

58

12

A O O O

o o o o

" EhV-86 stands for Emiliania Huxleyi Virus 86



Annexe A HGT E. huxleyi and virus

6. Supplementary data Figures

98 = Q7QE20 ANOGA E Anopheles gambiae str. PEST
Q17E22 AEDAE E Aedes aegypti

Q2M 0I5 DROPS E Drosophila pseudoobscura
A5PKEG BOVIN E Bostaurus

Q502A7 DANRE E Danio rerio

AT7RI99 NEM VE E Nematostella vectensis

Q566F8 XENLA E Xenopuslaevis

Q17BI1 AEDAE E Aedes aegypti

Q9VCY7 DROME E Drosophila melanogaster
Q29BK5 DROPS E Drosophila pseudoobscura
Q4SU49 TETNG E Tetraodon nigroviridis

Q7ZXJ4 XENLA E Xenopuslaevis

A9TP48 PHYPA E Physcomitrella patens subsp. patens
A4HKA3 LEIBR E Leishmania braziliensis
Q57UF1 9TRYP E Trypanosoma brucei

Q8W213 ISOGA E Isochrysisgalbana

Q54TC9 DICDI E Dictyostelium discoideum

Q86JM 5 DICDI E Dictyostelium discoideum

A9V469 M ONBE E Monosiga brevicollisM X1

%0 90 Q2HTN1 MEDTR E Medicago truncatula
_& Q9SQUY ARATH E Arabidopsisthaliana
A9TW15 PHYPA E Physcomitrella patens subsp. patens

84 Q5KLB1 CRYNE E Cryptococcus neoformans
73 A8QIS0 9BASI E Malassezia globosa CBS 7966
99 ATTQH2 VANPO E Vanderwaltozyma polyspora
ELOH SCHPO E Schizosaccharomyces pombe
66 Q7LKX0 SCHPO E Schizosaccharomyces pombe
Q5CHM 8 CRYHO E Cryptosporidium hominis
54 Q7RK43 PLAYO E Plasmodium yoelii yoelii
98 ru @ Q4A356 9PHYC V Emiliania huxleyi virus 86
_LQJgi 43654 E Emiliania huxeyi
89 A4HW14 LEIIN E Leishmania infantum
7:4 Q4QFR5 LEIMA E Leishmania major
78 Q57UP6 9TRYP E Trypanosoma brucei
A4HW13 LEIIN E Leishmania infantum
A4H7M 9 LEIBR E Leishmania braziliensis
A4HW18 LEIIN E Leishmania infantum
A9UNT8 MONBE E Monosiga brevicollisM X1
92 g Q4DHY2 TRYCR E Trypanosoma cruzi
A4H7M5 LEIBR E Leishmania braziliensis
Q57UP8 9TRYP E Trypanosoma brucei
A4H7M 2 LEIBR E Leishmania braziliensis
73 A5K6R4 PLAVI E Plasmodium vivax
77 Q802X6 DANRE E Danio rerio
ELOV3 MOUSE E Mus musculus
Q16K45 AEDAE E Aedes aegypti
1 A8XAF3 CAEBR E Caenorhabditis briggsae
A8Q745 BRUMA E Brugia malayi
A8XYW4 CAEBR E Caenorhabditisbriggsae
ABNSG8 BRUMA E Brugia malayi
ELO3 CAEEL E Caenorhabditis elegans
QIXVQ9 CAEEL E Caenorhahditis elegans
Q20303 CAEEL E Caenorhabditiselegans
98 ABNFQ7 BRUMA E Brugia malayi
Q20300 CAEEL E Caenorhabditiselegans
A8BXWY4 CAEBR E Caenorhabditis briggsae
Q20904 CAEEL E Caenorhabditis elegans

82

—1 68

85

95

93

Figure S1.Maximum likelihood phylogenetic trees for putatiageral gene transfers betweE. huxleyiand
viruses. Trees are essentially unrooted.-point rooting was used only for presentation puep@&likaryotes
Viruses, Bacteria, and Archaea are colored in gnesh black, and blue, respectively. The branblel&indicate
the minimum value of the ChiBased parametric branch support (i.e. approxiniegéHood ratio test) and tt
Shimodaira-Hasegawa-like ng@arametric branch supp. Slacorresponds t&. huxleyigene 43654: ELO,
GNS1/SURA4 family (long chain fatty acid elongat&ystems that produce the-carbon precursors f

ceramide and sphingolipid synthe. Continued in the next pages.
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Q6AZN7 XENLA E Xenopuslaevis
DEGS2 BOVIN E Bostaurus
Q72V85 DANRE E Danio rerio
Q28J37 XENTR E Xenopustropicalis
DEGS1 BOVIN E Bostaurus
DEGS1 CHICK E Gallusgallus
DEGS1 XENTR E Xenopustropicalis
p— A8X 7B7 CAEBR E Caenorhabditisbriggsae
A8QG50 BRUMA E Brugia malayi

% F A8X1A2 CAEBR E Caenorhahditisbriggsae

A7STF3 NEM VE E Nematostella vectensis
Q7Q2Y9 ANOGA E Anophelesgambiae str. PEST
Q16KB1 AEDAE E Aedes aegypti
Q29PM 1 DROPS E Drosophila pseudoobscura
e A9S5D3 PHYPA E Physcomitrella patens subsp. patens
_E Q9ZPH4 ARATH E Arabidopsisthaliana
94 A2X7NO ORYSI E Oryza sativa subsp. indica
A9V5D6 M ONBE E Monosiga brevicollisM X1
A9GRK9 SORC5 B Sorangium cellulosum
QO097M6 STIAU B Stigmatella aurantiaca DW4/3-1
Q96823 TOXGO E Toxoplasma gondii

AODV71 PARTE E Paramecium tetraurelia
89 _%:AODKGO PARTE E Paramecium tetraurelia
Q583N4 9TRYP E Trypanosoma brucei
A4I2A2 LEIIN E Leishmania infantum

9 E:(MDPGG TRYCR E Trypanosoma cruzi

l 78 Q5KNJ8 CRYNE E Cryptococcus neoformans
95 Q4PB62 USTMA E Ustilago maydis
A8PUP0 9BASI E Malassezia globosa CBS 7966

97 = Q2GYH7 CHAGB E Chaetomium globosum
Q871L4 NEUCR E Neurospora crassa
A4QVU9 MAGGR E Magnaporthe grisea
ATEZ76 SCLS1 E Sclerotinia sclerotiorum
Q2UGC5 ASPOR E Aspergillusoryzae

Q4WNUO ASPFU E Aspergillus fumigatus
Q5B4X5 EMENI E Emericella nidulans

94 Q6CA36 YARLI E Yarrowia lipolytica
Q6CJH3 KLULA E Kluyveromyceslactis
Q750D0 ASHGO E Ashbya gossypii
Q66VZ4 PICPA E Pichia pastoris
Q5AJX2 CANAL E Candida albicans
Q6BIA8 DEBHA E Debaryomyces hansenii
A5E390 LODEL E Lodderomyces elongisporus
71 A5DM 10 PICGU E Pichia guilliermondii

_I_O Q4A372 9PHYC V Emiliania huxeyi virus 86
99 @ jgi 54601 E Emiliania huxeyi

87

76

94

63

94

Figure S1b.(cont.)E. huxleyigene54601: Dihydroceramide desaturase (Dsd1, delta-4).

167



Annexe A HGT E. huxleyi and virus

97 = A4H5Y5 LEIBR E Leishmania braziliensis

96 A4HU79 LEIIN E Leishmania infantum
C 91 A4HBH2 LEIBR E Leishmania braziliensis
99 Q4GZF1 9TRYP E Trypanosoma brucei
82 54 Q4D9P0 TRYCR E Trypanosoma cruzi
A41730 LEIIN E Leishmania infantum

A8J399 CHLRE E Chlamydomonas reinhardtii
97 98 Q8LP68 CHLRE E Chlamydomonas reinhardtii
98 A8J0UO CHLRE E Chlamydomonas reinhardtii

Q1HVB1 9CHLO E Dunaliella viridis
A9SPA4 PHYPA E Physcomitrella patens subsp. patens
A9REM 2 PHYPA E Physcomitrella patens subsp. patens
99 Lr A8ILI7 CHLRE E Chlamydomonasreinhardtii
66 A8JHO7 CHLRE E Chlamydomonasreinhardtii

p— () 847 X2 9CHLO E Tetraselmis chuii
A4RSX8 OSTLU E Ostreococcus lucimarinus

?l:jgi 61414 E Emiliania huxeyi
< Q4A316 9PHYC V Emiliania huxeyi virus 86

1 A5WDJ9 PSYWF B Psychrobacter sp.
21 A7HKC3 FERNB B Fervidobacterium nodosum
8 .I-:ABF4P3 THELT B Thermotoga lettingae
A6LPA3 THEM 4 B Thermosipho melanesiensis
A5IKGO THEP1 B Thermotoga petrophila
A9AOA9 9DELT B Desulfococcus oleovorans Hxd3
Q30US3 DESDG B Desulfovibrio desulfuricans
gf Q6M F26 PARUW B Protochlamydia amoebophila
36 — ol araTHE Arabidopsisthaliana
44 A5IGY1 LEGPC B Legionella pneumophila
A9KBC3 COXBU B Coxiella burnetii Dugway 5J108-111
AOL463 MAGSM B M agnetococcus sp.
QOA4S1 ALHEH B Alkalilimnicola ehrlichei
A2PC90 VIBCH B Vibrio cholerae 1587
A6D325 9VIBR B Vibrio shilonii AK1
Q8IDS7 PLAF7 E Plasmodium falciparum
88 A5E3L3 LODEL E Lodderomyces elongisporus
A6ZLN3 YEAST7 E Saccharomyces cerevisiae
Q6CA4T4 YARLI E Yarrowia lipolytica
e Q0TYI6 PHANO E Phaeosphaeria nodorum
A6RHX6 BOTFB E Botryotinia fuckeliana
Q5B9G8 EM ENI E Emericella nidulans
Q4P8T8 USTMA E Ustilago maydis
Q55M 74 CRYNE E Cryptococcus neoformans
92 A8P317 COPCI E Coprinopsis cinerea okayama7#130

QOCR82 ASPTN E Aspergillusterreus
_E A4QZH6 M AGGR E Magnaporthe grisea
o8 98 ABRGZ4 AJECN E Ajellomyces capsulata
77 A8XV28 CAEBR E Caenorhabditis briggsae
3 iE 017404 CAEEL E Caenorhabditiselegans
89 Q693N9 LITSI E Litomosoides sigmodontis
_LASPVM BRUMA E Brugia malayi
90 Q18697 CAEEL E Caenorhabditiselegans
89 m Q059D6 DROME E Drosophila melanogaster
99 |51 iEQZLZSC% DROPS E Drosophila pseudoobscura
Q173U8 AEDAE E Aedes aegypti
A7SPA5 NEM VE E Nematostella vectensis
87 Q5DFE7 SCHJA E Schistosoma japonicum
S20A1 XENTR E Xenopustropicalis
13 _E A2AKR7 M OUSE E M us musculus

91 A2AKR8 M OUSE E M us musculus

79

93

87

81 99

Figure Slc.(cont.)E. huxleyigene 61414: Phosphate perme
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Annexe A HGT E. huxleyi and virus

86 p= A4JRD8 BURVG B Burkholderia vietnamiensis
89 A9ASG5 9BURK B Burkholderia multivorans ATCC 17616

d 97 AOGAD1 9BURK B Burkholderia phytofirmans PsIN

89 95 Q13MT1 BURXL B Burkholderia xenovorans
Q9A2S8 CAUCR B Caulobacter crescentus
QO0BZJ9 HYPNA B Hyphomonas neptunium
A6PM R7 9BACT B Victivallisvadensis ATCC BAA-548
A8ZXQO0 9DELT B Desulfococcus oleovorans Hxd3
97 Q1YRH9 9GAM M B gamma proteobacterium HTCC2207
63 93 L= A3UQ52 VIBSP B Vibrio splendidus 12801
| 81 A3XZH2 9VIBR B Vibrio sp. MED222
96 ; Q7WES1 BORBR B Bordetella bronchiseptica

Q7W3F1 BORPA B Bordetella parapertussis
Q2KU61 BORAL B Bordetella avium
Q6M H35 BDEBA B Bdellovibrio bacteriovorus
A1FV87 XANM A B Stenotrophomonas maltophilia R551-3
79 Q5GY06 XANOR B Xanthomonasoryzae pv. oryzae
86 h

77

99 Q8PJH1 XANAC B Xanthomonas axonopodis pv. cCitri
65 Q3BRX2 XANC5 B Xanthomonas campestris pv. vesicato  ria
A4SVS5 POLSQ B Polynucleobacter sp.
_99: A6GLDS 9BURK B Limnobacter sp. MED105
QOVR81 ALCBS B Alcanivorax borkumensis
ABET16 ARCB4 B Arcobacter butzleri
A7HF86 ANADF B Anaeromyxobacter sp.
AOWA4F7 9DELT B Geobacter lovleyi SZ
Q74AM 6 GEOSL B Geobacter sulfurreducens
92 = AYNP85 PICSI E Picea sitchensis
AINKV7 PICSI E Picea sitchensis
Q38JD9 MEDTR E Medicago truncatula
Q38JCY VITVI E Vitisvinifera
Q38JC5 PRUPE E Prunus persica
Q38JEO0 SOYBN E Glycine max
Q38JE1 SOLLC E Solanum lycopersicum
68 = Q38JE4 HORVU E Hordeum vulgare
98 A2YVL4 ORYSI E Oryza sativa subsp. indica
Q38JE2 SORBI E Sorghum bicolor
Q38JE6 SORBI E Sorghum bicolor
A9PJ40 POPJC E Populusjackii
A9PJ17 POPJC E Populusjackii
Q38JC2 GOSAR E Gossypium arboreum
Q38JC7 SOLTU E Solanum tuberosum
Q38JC6 BRANA E Brassica napus
Q8LE12 ARATH E Arabidopsisthaliana
g3 1QIFGT8 ARATHE Arabidopsisthaliana
== A4T0X2 9M YCO B Mycobacterium gilvum PYR-GCK
29 Lk A1T293 MYCVP B Mycobacterium vanbaalenii

8 A7SH62 NEM VE E Nematostella vectensis
96 _:’-\7SH61 NEM VE E Nematostella vectensis
_I_Q Q4A279 9PHYC V Emiliania huxeyi virus 86
94 @ jgi 97888 E Emiliania huxeyi
05 93 [AODI21 PARTE E Paramecium tetraurelue}
AODRG8 PARTE E Paramecium tetraurelia

92 rAODIQ4 PARTE E Paramecium tetraurelia
99 AODRP6 PARTE E Paramecium tetraurelia

78

81},

94

70

71

79

Figure S1d.(cont.)E. huxleyigene 9788: Lipocalindike (Lipocalins are transporters for small hydroplc

molecules, such as lipids, steroid hormones, hiingl retinoids.
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HGT E. huxleyi and virus

94 Q5BET1 EMENI E Emericella nidulans
93 A1DEB7 NEOFI E Neosartorya fischeri
95 QOCECS5 ASPTN E Aspergillus terreus

= Q4P 784 USTM A E Ustilago maydis
e Q4P 493 USTM A E Ustilago maydis
Q4P6T2 USTMA E Ustilago maydis
r—— ) i 102590 E Emiliania huxeyi

Qg M @ Q4A317 9PHYC V Emiliania huxeyi virus 86

Figure Sle. (cont.)E. huxleyigenel102590: ERG3, Sterol desaturase.

96

57

54

91

64

52 A3LWJ3 PICST E Pichia stipitis
98 _I_L Q6BL71 DEBHA E Debaryomyces hansenii
Q5AH74 CANAL E Candida albicans
ASDLN7 PICGU E Pichia guilliermondii
Q9UUAG SCHPO E Schizosaccharomyces pombe
97 Q4P6J9 USTMA E Ustilago maydis
Q55H89 CRYNE E Cryptococcus neoformans

A4RIW4 M AGGR E Magnaporthe grisea
TB AB6RA11 AJECN E Ajellomyces capsulata
Q2GRJ0 CHAGB E Chaetomium globosum

61
A9TJAS5 PHYPA E Physcomitrella patens subsp. patens
QI9LLQ7 VIGUN E Vigna unguiculata
A9RW44 PHYPA E Physcomitrella patens subsp. patens

QO1CT9 OSTTA E Ostreococcustauri
A7SQ77 NEM VE E Nematostella vectensis

PPC1A HUM AN E Homo sapiens
98 v Q17FKO AEDAE E Aedes aegypti
4 92 Q7PYH4 ANOGA E Anophelesgambiae str. PEST

A7SM Y4 NEM VE E Nematostella vectensis

_I_ QB8IA52 CAEEL E Caenorhabditis elegans
70 _:A4R6J9 MAGGR E Magnaporthe grisea
99 A8BNHD1 COPCI E Coprinopsis cinerea okayama7#130

A5DEE6 PICGU E Pichia guilliermondii

i 80 A4H9I2 LEIBR E Leishmania braziliensis
7P m6 9TRYP E Trypanosoma brucei
96 QO9BIE7 LEIDO E Leishmania donovani
97 Q4DO0OH9 TRYCR E Trypanosoma cruzi
A8P7S7 BRUM A E Brugia malayi
i A2DTD8 TRIVA E Trichomonasvaginalis G3
82 91 @ jgi 193908 E Emiliania huxeyi
—1 @ Q4A354 9PHYC V Emiliania huxeyi virus 86
81 _I_ A2F6F1 TRIVA E Trichomonasvaginalis G3
92 A2FQV1 TRIVA E Trichomonasvaginalis G3

Figure S1f.(cont.)E. huxleyigenel9390¢: Lipid phosphate phosphatase (PAP2 superfa.

170



HGT E. huxleyi and virus

Annexe A

89 Q8XRN9 RALSO B Ralstonia solanacearum
A3NNL1 BURPG6 B Burkholderia pseudomallei

Q2T8L6 BURTA B Burkholderia thailandensis

Q4KK25 PSEF5 B Pseudomonas fluorescens

A4JL37 BURVG B Burkholderia vietnamiensis

Q7NJ92 GLOVI B Gloeobacter violaceus

QORK66 FRAAA B Frankia alni
Q6E7K8 9CYAN B Lyngbya majuscula

85 92
: Q117Vv8 POLSJ B Polaromonas sp.
68 0 Q7NJ85 GLOVI B Gloeobacter violaceus
Q11234 PSEE4 B Pseudomonas entomophila
QOM3Q1 9CAUL B Caulobacter sp. K31
A4FPE9 SACEN B Saccharopolyspora erythraea

91
0 ?: A9WQNS8 RENSA B Renibacterium salmoninarum ATCC 332 09
Q1I2K1 PSEE4 B Pseudomonas entomophila

Q4KK24 PSEF5 B Pseudomonas fluorescens
ABEXAG6 RICCK B Rickettsia canadensis
6P6Z1 ARATH E Arabidopsisthaliana

95 A
86 _L QB8ITE6 CHORO E Choristoneura rosaceana

Q5XQ39 FUGRU E Fugu rubripes
Q8I0W9 PLAF7 E Plasmodium falciparum

Q23CS8 TETTH E Tetrahymena thermophila SB210
AB6N7G2 9GAMM B Psychrobacter urativorans

91
78 38 : ABGUCG6 9BURK B Limnobacter sp. MED105
94 A3USF3 VIBSP B Vibrio splendidus 12B01
Q59236 CANAL E Candida albicans
46 65 A7TPN6 VANPO E Vanderwaltozyma polyspora
86 A4HVZ3 LEIIN E Leishmania infantum
83 A1CQ94 ASPCL E Aspergillusclavatus
45 Q556T4 DICDI E Dictyostelium discoideum
7 Q7UH31 RHOBA B Rhodopirellula baltica
91 84 _:A4A2FO 9PLAN B Blastopirellula marina DSM 3645
A6C1J1 9PLAN B Planctomyces maris DSM 8797
1 AB6CG61 9PLAN B Planctomyces maris DSM 8797
93 A3IQ76 9CHRO B Cyanothece sp. CCY 0110
97 87 _:AQNXXQ PICSI E Picea sitchensis
Q2JSA6 SYNJA B Synechococcus sp.
QO01N66 SOLUE B Solibacter usitatus
Q022G1 SOLUE B Solibacter usitatus

84
o8 -:Qlllxg ACIBL B Acidobacteria bacterium

28Q9R6T6 SYNP2 B Synechococcus sp.
_99: A3Z0U7 9SYNE B Synechococcus sp. WH 5701
_98|_0 Q4A264 9PHYC V Emiliania huxeyi virus 86
3967 @ jgi 196284 E Emiliania huxeyi
Q11ZW1 POLSJ B Polaromonas sp.
AOQ7W3 FRATN B Francisella tularensis subsp. novic  ida

Q89LF0 BRAJA B Bradyrhizobium japonicum
Q5H1K0 XANOR B Xanthomonas oryzae pv. oryzae

Q6FBT8 ACIAD B Acinetobacter sp.
A6DK87 9BACT B Lentisphaera araneosa HTCC2155

84
89

89 83

96

89
82

Figure S1g.(cont.)E. huxleyigene 1962¢€: Fatty acid desaturase (Acol, delta-9).
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87.

©
|o

53

A8XMF5 CAEBR E Caenorhabditisbriggsae

A8XK42 CAEBR E Caenorhabditisbriggsae

A8BNNZ9 BRUMA E Brugia malayi

Q5C1X9 SCHJA E Schistosoma japonicum

Q7PY62 ANOGA E Anophelesgambiae str. PEST

Q16WUS5 AEDAE E Aedes aegypti

LASS5 MOUSE E Mus musculus

Q4H396 CIOIN E Ciona intestinalis

Q9GVAO0 SUBDO E Suberitesdomuncula

[———— A\AHJGO LEIBR E Leishmania braziliensis

9 k= Q57V92 9TRYP E Trypanosoma brucei
LASS4 HUM AN E Homo sapiens
Q4RU99 TETNG E Tetraodon nigroviridis
Q1L8N1 DANRE E Danio rerio
Q19534 M OUSE E M us musculus
Q4H398 CIOIN E Ciona intestinalis
Q4H397 CIOIN E Ciona intestinalis
Q4H399 CIOIN E Ciona intestinalis
Q4H395 CIOIN E Ciona intestinalis

A7RXN1 NEM VE E Nematostella vectensis

EQQYlV? HALRO E Halocynthia roretzi
92 88 A7S8D5 NEM VE E Nematostella vectensis

Q54S87 DICDI E Dictyostelium discoideum

A4RTVO OSTLU E Ostreococcus lucimarinus

93

A8J7V2 CHLRE E Chlamydomonasreinhardtii

A9RRN7 PHYPA E Physcomitrella patenssubsp. patens
A9SIT4 PHYPA E Physcomitrella patens subsp. patens

98

A9UXP4 MONBE E Monosiga brevicollisM X1

¢ Q4A3B3 9PHYC V Emiliania huxeyi virus 86
@ jgi 200862 E Emiliania huxeyi
A8XID0 CAEBR E Caenorhabditis briggsae

99

96

90

75

A7REX2 NEM VE E Nematostella vectensis
A4FUG2 BOVIN E Bostaurus
96 Q4RUBS5 TETNG E Tetraodon nigroviridis

A8BNXC2 COPCI E Coprinopsis cinerea okayama7#130

Q5KM Q6 CRYNE E Cryptococcus neoformans

91 : Q4P8F2 USTMA E Ustilago maydis
A8PRY9 9BASI E Malassezia globosa CBS 7966

A4RAU8 MAGGR E Magnaporthe grisea
A6S9X4 BOTFB E Botryotinia fuckeliana
Q2H3Q0 CHAGB E Chaetomium globosum
Q4WNM 7 ASPFU E Aspergillus fumigatus
A2QKE1 ASPNG E Aspergillus niger

QOUZI2 PHANO E Phaeosphaeria nodorum
2:(375Axe ASHGO E Ashbya gossypii

A5DZK1 LODEL E Lodderomyces elongisporus

— ()874C3 YARLI E Yarrowia lipolytica
LAG1 SCHPO E Schizosaccharomyces pombe

91 Q2GPNO CHAGB E Chaetomium globosum
A7EDOQ9 SCLS1 E Sclerotinia sclerotiorum
99 Q5KG85 CRYNE E Cryptococcus neoformans
_@XSI COPCI E Coprinopsis cinerea okayama7#130
8584 Q4PAD4 USTMA E Ustilago maydis

Figure S1h.(cont.)E. huxleyigene200862: Dihydroceramide synthase (longewassurance LAG1 famil.
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A7TNQO VANPO E Vanderwaltozyma polyspora
A6ZM 04 YEAST E Saccharomyces cerevisiae
Q6FKI9 CANGA E Candida glabrata

Q756Y6 ASHGO E Ashbya gossypii

Q6CWC6 KLULA E Kluyveromyces lactis
Q6BQK7 DEBHA E Debaryomyces hansenii
A5DHA1 PICGU E Pichia guilliermondii
ASE709 LODEL E Lodderomyces elongisporus

- 8&5 Q59RQ0 CANAL E Candida albicans

Q756M 1 ASHGO E Ashbya gossypii
87_E6CQY1 KLULA E Kluyveromyceslactis
A7TJ0O0 VANPO E Vanderwaltozyma polyspora

1 97 Q6BNW6 DEBHA E Debaryomyces hansenii
A5DRR3 LODEL E Lodderomyces elongisporus
Q5AAF1 CANAL E Candida albicans
Q6CEU3 YARLI E Yarrowia lipolytica
PIF1 SCHPO E Schizosaccharomyces pombe
95 Pl 0 Q1DJZ3 COCIM E Coccidioidesimmitis
=1 89 QOUCQ7 PHANO E Phaeosphaeria nodorum
51 A7EDFO0 SCLSL1 E Sclerotinia sclerotiorum
A4QT11 MAGGR E Magnaporthe grisea
84 08 Q7RXT1 NEUCR E Neurospora crassa
90 Q5KCW7 CRYNE E Cryptococcus neoformans
56 A8N288 COPCI E Coprinopsiscinerea okayama7#130
Q55VP9 CRYNE E Cryptococcus neoformans
Q4PAZ5 USTMA E Ustilago maydis
A8BPUE9 9BASI E M alassezia globosa CBS 7966
Q55FJ4 DICDI E Dictyostelium discoideum
89 Q54742 DICDI E Dictyostelium discoideum
Q54C21 DICDI E Dictyostelium discoideum
81 §° 92 Q7Q395 ANOGA E Anopheles gambiae str. PEST
B 95 _:PIFl M OUSE E M us musculus
A8WZ54 CAEBR E Caenorhabditisbriggsae
99 = Q4D0A8 TRYCR E Trypanosoma cruzi
66 L Q580X6 9TRYP E Trypanosoma brucei
96 A4H550 LEIBR E Leishmania braziliensis
Q57YGO0 9TRYP E Trypanosoma brucei
91 Q4D8F6 TRYCR E Trypanosoma cruzi
Q7S1A1 NEUCR E Neurospora crassa
95 @ Q4A273 9PHYC V Emiliania huxeyi virus 86
@ jgi 208320 E Emiliania huxeyi
A6Q8R4 SULNB B Sulfurovum sp.
Q8G3N4 BIFLO B Bifidobacterium longum
Q6FAS6E ACIAD B Acinetobacter sp.
o7 ;:Aswmo PSYWF B Psychrobacter sp.

89

90

82

75

99

92

99

99

Figure S1i.(cont.)E. huxleyigene20832(: DNA repair and recombination protein piike with HRDC

(Helicase and RNase D @&rminal) domai.
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HGT E. huxleyi and virus

Annexe A

69 p== A7RVR3 NEM VE E Nematostella vectensis
Q1RPX9 CIOIN E Ciona intestinalis
CE004 HUM AN E Homo sapiens
Q29FM 3 DROPS E Drosophila pseudoobscura
Q9VYD2 DROME E Drosophila melanogaster
645 Q16M H6 AEDAE E Aedes aegypti
8 Q5TTZ6 ANOGA E Anopheles gambiae str. PEST
Q7QCR2 ANOGA E Anophelesgambiae str. PEST
Q170Y1 AEDAE E Aedes aegypti
Q17DJ5 AEDAE E Aedes aegypti
Q7QBE2 ANOGA E Anophelesgambiae str. PEST
Q17Q31 AEDAE E Aedes aegypti
@ Q4A3A3 9PHYC V Emiliania huxeyi virus 86
@ jgi 210457 E Emiliania huxeyi
ABWND9 CAEBR E Caenorhabditis briggsae
ABWNEO CAEBR E Caenorhabditisbriggsae
30 Q4P094 USTM A E Ustilago maydis
. 93 ABNLF5 COPCI E Coprinopsiscinerea okayama7#130
97y AQV5D0 M ONBE E Monosiga brevicollisM X1
82 b A4ICGO LEIIN E Leishmania infantum
A9V240 M ONBE E Monosiga brevicollisM X1
AODZQ1 PARTE E Paramecium tetraurelia
AODGT7 PARTE E Paramecium tetraurelia
AOECA8 PARTE E Paramecium tetraurelia
AOEAK1 PARTE E Paramecium tetraurelia
AODC70 PARTE E Paramecium tetraurelia
9 Q23H45 TETTH E Tetrahymena thermophila SB210
Q5BA57 EMENI E Emericella nidulans
Q2PIR6 ASPOR E Aspergillusoryzae

S
©
»

~
=

89

93 92

55

8

77
B Q2HC14 CHAGB E Chaetomium globosum
Q1E469 COCIM E Coccidioidesimmitis
A1DJM 8 NEOFI E Neosartorya fischeri
94 ABRBR3 AJECN E Ajellomyces capsulata
A6GH33 9DELT B Plesiocystis pacifica SIR-1
e 049656 ARATH E Arabidopsisthaliana
62 Q54WKO DICDI E Dictyostelium discoideum
86 A9SWV2 PHYPA E Physcomitrella patens subsp. patens
Q55D54 DICDI E Dictyostelium discoideum
74 Q018G8 OSTTA E Ostreococcus tauri
ERG25 CHICK E Gallusgallus
Q5AS23 EMENI E Emericella nidulans
91 ERG25 SCHPO E Schizosaccharomyces pombe
Q5AML5 CANAL E Candida albicans
90 AS5DF57 PICGU E Pichia guilliermondii
Q1DYD5 COCIM E Coccidioidesimmitis
ABR5H7 AJECN E Ajellomyces capsulata
= A7TQRN3 VITVI E Vitisvinifera
73 e A2X9K8 ORYSI E Oryza sativa subsp. indica
91 A7TESO VANPO E Vanderwaltozyma polyspora

99

AS5DTN4 LODEL E Lodderomyces elongisporus
A8PR45 9BASI E Malassezia globosa CBS 7966
Q1E8A4 COCIM E Coccidioidesimmitis

A6RUE9 BOTFB E Botryotinia fuckeliana

A1D181 NEOFI E Neosartorya fischeri

79

Figure S1j. (cont.)E. huxleyigene21045": ERG3, Sterol desaturase.
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Annexe A HGT E. huxleyi and virus

Q9C9R9 ARATH E Arabidopsisthaliana
A5BAY6 VITVI E Vitisvinifera
A7R004 VITVI E Vitisvinifera
Q9C5L6 ARATH E Arabidopsisthaliana
Q4ABW7 BRARP E Brassica rapa subsp. pekinensis
A2YV58 ORYSI E Oryza sativa subsp. indica
Q6H4F1 ORYSJ E Oryza sativa subsp. japonica
A270J7 ORYSI E Oryza sativa subsp. indica
Q6H4F0 ORYSJ E Oryza sativa subsp. japonica
gg ™= Q6H4E9 ORYSJ E Oryza sativa subsp. japonica
Q6ZAJ7 ORYSJ E Oryza sativa subsp. japonica
] A9T7U7 PHYPA E Physcomitrella patens subsp. patens
A9SGV4 PHYPA E Physcomitrella patens subsp. patens
A9S890 PHYPA E Physcomitrella patens subsp. patens
91 A7PVO03 VITVI E Vitis vinifera
99 023203 ARATH E Arabidopsisthaliana

99 Q6ATP9 ORYSJ E Oryza sativa subsp. japonica
91 99 A2YJC8 ORYSI E Oryza sativa subsp. indica
A8IM 52 CHLRE E Chlamydomonas reinhardtii
Q5CUFO0 CRYPV E Cryptosporidium parvum lowa Il

096156 PLAF7 E Plasmodium falciparum
99 _[I-_A5KBL1 PLAVI E Plasmodium vivax
9797 Q4YN40 PLABE E Plasmodium berghei
|_Q Q4A2V5 9PHYC V Emiliania huxleyi virus 86
0 M @ jgi 212478 E Emiliania huxeyi
Q5JDVO PYRKO A Pyrococcus kodakaraensis
p—— A1RZ78 THEPD A Thermofilum pendens

99 L A5UVG8 ROSS1 B Roseiflexus sp.

99

88

99

97

Figure S1k.(cont.)E. huxleyigene212478: MFS-1, Major Facilitator Superfamily.



Annexe A HGT E. huxleyi and virus

DTYMK HUM AN E Homo sapiens
Q3B752 DANRE E Danio rerio
Q6DF36 XENTR E Xenopustropicalis
Q6VZH7 CNPV V Canarypoxvirus
A9TG14 PHYPA E Physcomitrella patens subsp. patens
A7PLT7 VITVI E Vitis vinifera
Q45RR2 9HERP V Koi herpesvirus
A7S8M 7 NEM VE E Nematostella vectensis
99 == Q290Q8 DROPS E Drosophila pseudoobscura
b Q8SZQ0 DROM E E Drosophila melanogaster
95 Q4UE21 THEAN E Theileria annulata
- g9 = Q4N5SH1 THEPAE Theileria parva
98 Q2GMM 6 CHAGB E Chaetomium globosum

76

85
63

81

83 Q9C2R7 NEUCR E Neurospora crassa
ABNAG9 COPCI E Coprinopsiscinerea okayama7#130
97 los Q1DTO07 COCIM E Coccidioidesimmitis
Q5AU17 EMENI E Emericella nidulans
99 A2QUJ3 ASPNG E Aspergillus niger

91 Q2UA41 ASPOR E Aspergillus oryzae
A1C4Z3 ASPCL E Aspergillus clavatus

935 A1CZX2 NEOFI E Neosartorya fischeri
96 A2FDJ5 TRIVA E Trichomonas vaginalis G3

KTHY PYRAB A Pyrococcus abyssi

KTHY PYRHO A Pyrococcus horikoshii

KTHY PYRKO A Pyrococcus kodakaraensis
KTHY PYRFU A Pyrococcus furiosus

A4XBZ6 9ACTO B Salinispora tropica CNB-440
98 Q47L56 THEFY B Thermobifida fusca
KTHY LEIXX B Leifsonia xyli subsp. xyli

KTHY BIFLO B Bifidobacterium longum
QOF3S1 9PROT B Mariprofundus ferrooxydans PV-1
A9AV71 HERAU B Herpetosiphon aurantiacus ATCC 2377
53 A9FI63 METNO B M ethylobacterium nodulans ORS 2060
_SCAONSRZ 9RHOB B Labrenzia aggregata IAM 12614

@ jgi 215136 E Emiliania huxeyi
90 _:0 Q4A248 9PHYC V Emiliania huxeyi virus 86
82 A4H5Y8 LEIBR E Leishmania braziliensis
98 'I_EEHUB3 LEIIN E Leishmania infantum
Q4D1A0 TRYCR E Trypanosoma cruzi
Q57YW2 9TRYP E Trypanosoma brucei
79 A7VTJ2 9CLOT B Clostridium leptum DSM 753
ABNRP2 9BACE B Bacteroides capillosus ATCC 29799
A8SFJ1 9CLOT B Faecalibacterium prausnitzii M 21/2
Q193H3 DESHD B Desulfitobacterium hafniense
A9BG59 9THEM B Petrotoga mobilis SJ95
86 Q181E7 CLODEG B Clostridium difficile
A5HXV1 CLOBH B Clostridium botulinum

A3DH85 CLOTH B Clostridium thermocellum
A5N3T4 CLOKL B Clostridium kluyveri DSM 555

54

Figure S1l.(cont.)E. huxleyigene21513¢: Tmk, Thymidylate kinase.
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Annexe A HGT E. huxleyi and virus

98 A2XUU2 ORYSI E Oryza sativa subsp. indica
ﬁ:: Q8GW93 ARATH E Arabidopsisthaliana
m 13 AINY69 PICSI E Picea sitchensis

92 e A7PBN9 VITVI E Vitisvinifera
99 99 e Q5 X VK9 ARATH E Arabidopsisthaliana
A9RQEO PHYPA E Physcomitrella patens subsp. patens
A4S6Y2 OSTLU E Ostreococcus lucimarinus
@ jgi 242737 E Emiliania huxeyi
@ A9YW44 9PHYC V Ostreococcus virus OsV5
< Q84486 PBCV1 V Paramecium bursaria Chlorella virus 1

90 Q1GIKO SILST B Silicibacter sp.
A9IT38 BART1 B Bartonella tribocorum

99 ‘ A4WTJ6 RHOS5 B Rhodobacter sphaeroides
T'j A9BYL2 COMAC B Delftia acidovorans SPH-1

84 A4JWD5 BURVG B Burkholderia vietnamiensis

Figure S1m.(cont.)E. huxleyigen¢ 242737: YqaJ viral recombinase family.

96 Q6C3B6 YARLI E Yarrowia lipolytica
n 84 il_l_ ASDXN9 LODEL E Lodderomyces elongisporus
17 Q7RYJ3 NEUCR E Neurospora crassa
A7SCK7 NEM VE E Nematostella vectensis
Q869E1 DICDI E Dictyostelium discoideum
QO010L1 OSTTA E Ostreococcus tauri
Q587E4 9TRYP E Trypanosoma brucei
@ jgi 420219 E Emiliania huxeyi
@ Q4A2X6 9PHYC V Emiliania huxeyi virus 86
AOEA99 PARTE E Paramecium tetraurelia
87 Q1JSP8 TOXGO E Toxoplasma gondii
—1 A5JZ34 PLAVI E Plasmodium vivax
96 _: Q4UBN2 THEAN E Theileria annulata
A7AVC3 BABBO E Babesia bovis

99

69

Figure S1n.(cont.)E. huxleyigene420219: ATP-dependent DNA ligase.

83 ASBED3 VITVI E Vitis vinifera
1 Q8VWWO GOSHI E Gossypium hirsutum
(0] 78 048940 SOYBN E Glycine max

Q9LQY6 ARATH E Arabidopsisthaliana
88 A7QT86 VITVI E Vitisvinifera
92 8694 A9POW5 POPTR E Populustrichocarpa
Q85172 ORYSJ E Oryza sativa subsp. japonica
A9RVTO PHYPA E Physcomitrella patens subsp. patens
Q5NBAO ORYSJ E Oryza sativa subsp. japonica
99 = A9TG24 PHYPA E Physcomitrella patens subsp. patens
A9TWR4 PHYPA E Physcomitrella patens subsp. patens
A9S7H3 PHYPA E Physcomitrella patens subsp. patens
75 Q75GU9 ORYSJ E Oryza sativa subsp. japonica
A7PUV5 VITVI E Vitisvinifera
Q2PYY3 SOLTU E Solanum tuberosum

96
_'—ngi 432191 E Emiliania huxeyi
@ Q4A284 9PHYC V Emiliania huxeyi virus 86

99

88

99

95

Figure Slo.(cont.)E. huxleyigene43219 Secl4p-like lipid-binding domain.
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Annexe A

HGT E. huxleyi and virus

99 QO0DO0Z6 ASPTN E Aspergillusterreus
QOCTF7 ASPTN E Aspergillusterreus
Q4PG22 USTMA E Ustilago maydis

Q5KJIC6 CRYNE E Cryptococcus neoformans
Q8SRX7 ENCCU E Encephalitozoon cuniculi
SPTC3 MOUSE E Mus musculus

Q9U912 DROME E Drosophila melanogaster

A8XD48 CAEBR E Caenorhabditis briggsae

A8XD00 CAEBR E Caenorhabditisbriggsae
A2DYJ7 TRIVA E Trichomonasvaginalis G3

EAL51597 Nter E Entamoeba histolytica
QO01CO00 OSTTA Nter E Ostreococcus tauri
A3CBQO ORYSJ E Oryza sativa subsp. japonica

97 60 @ jgi 432901 Nter E Emiliania huxeyi
69 @ Q4A383 9PHYC Nter V Emiliania huxeyi virus 86
QB54EX5 DICDI E Dictyostelium discoideum
93 A8BTCO GIALA E Giardia lamblia ATCC 50803
78 Q4D8J6 TRYCR E Trypanosoma cruzi
AONU17 9RHOB B Labrenzia aggregata IAM 12614
A3VIF9 9RHOB B Rhodobacterales bacterium HTCC2654
08 A1HLBO BURPI B Ralstonia pickettii 12J

AQOYNI7 9CYAN B Lyngbya sp. PCC 8106
Q113V0 TRIEI B Trichodesmium erythraeum

i: ABES8T5 9SPHI B Pedobacter sp. BAL39
A911D2 9BACT B Elusimicrobium minutum Peil91

94 A7GSE1 BACCN B Bacillus cereus subsp. cytotoxis

AOWCP2 9DELT B Geobacter lovleyi SZ
Q9RRY6 DEIRA B Deinococcusradiodurans
A317Z6 9BACI B Bacillus sp. B14905
A8BNFM 4 BRUMA E Brugia malayi

99 A7THEI4 ANADF B Anaeromyxobacter sp.
54 Q01C00 OSTTA Cter E Ostreococcus tauri
EAL51597 Cter E Entamoeba histolytica
93 @ jgi 432901 Cter E Emiliania huxeyi
96 @ Q4A383 9PHYC Cter V Emiliania huxeyi virus 86

A4HB93 LEIBR E Leishmania braziliensis

Figure Sip. (cont.) E. huxleyi gene 432901: Serine palmitoyltransferase ddmrain architecture ¢
LCB2/LCB1/PAP2): this tree shows the sequenceicalahips for the -terminal LCB2 and -terminal LCB1

domains.

99 9%3 Q4DEE1 TRYCR E Trypanosoma cruzi
7

A8K681 HUM AN E Homo sapiens
70 Q_E P91079 CAEEL E Caenorhabditis elegans
A9VBG2 M ONBE E Monosiga brevicollisM X1

A8J2W1 CHLRE E Chlamydomonasreinhardtii

Q948H0 ORYSA E Oryza sativa

Q55FL5 DICDI E Dictyostelium discoideum

99 Q75D79 ASHGO E Ashbya gossypii

A6ZN12 YEAS7 E Saccharomyces cerevisiae

82 ASEOF2 LODEL E Lodderomyces elongisporus

Q6CD74 YARLI E Yarrowia lipolytica

A2D9P8 TRIVA E Trichomonasvaginalis G3
LCB1 SCHPO E Schizosaccharomyces pombe

Q2GQK6 CHAGB E Chaetomium globosum

ABR6N2 AJECN E Ajellomyces capsulata

Q5KNA1 CRYNE E Cryptococcus neoformans

Q4P8P8 USTMA E Ustilago maydis

A8PXC8 9BASI E Malassezia globosa CBS 7966
A8P173 COPCI E Coprinopsis cinerea okayama7#130

72

62

90
78

178



Annexe A HGT E. huxleyi and virus

A3D513 SHEB5 B Shewanella baltica
A1RIU3 SHESW B Shewanella sp.
QOHJW2 SHESM B Shewanella sp.
AOKVY6 SHESA B Shewanella sp.
A3QFG8 SHELP B Shewanella loihica
A1S5U1 SHEAM B Shewanella amazonensis
A0J997 9GAM M B Shewanella woodyi ATCC 51908
A8FU77 9GAMM B Shewanella sediminis HAW-EB3
A8H3D0 9GAMM B Shewanella pealeana ATCC 700345
Q08012 SHEFN B Shewanella frigidimarina
Q12LR4 SHEDO B Shewanella denitrificans
A4AXA7 ALTM A B Alteromonas macleodii 'Deep ecotype
Q15ZL2 PSEAG6 B Pseudoalteromonas atlantica
A4C7X2 9GAMM B Pseudoalteromonastunicata D2
Q3IK62 PSEHT B Pseudoalteromonas haloplanktis
939 AO0XX32 9GAMM B Alteromonadalesbacterium TW-7
QO08ZR2 STIAU B Stigmatella aurantiaca DW4/3-1
Q480E2 COLP3 B Colwellia psychrerythraea
Q58M B0 9CAUD V Prochlorococcus phage P-SSM 2
85 Q5GQB2 9CAUD V Synechococcus phage S-PM 2
Q46JM 1 PROMT B Prochlorococcus marinus
A0Z685 9GAMM B marine gamma proteobacterium HTCC20 80
83 @ Q0QZH8 9CAUD V Synechococcus phage syn9
92 78 @ jgi 439872 E Emiliania huxeyi
A5GT76 SYNR3 B Synechococcus sp.

A3YW76 9SYNE B Synechococcus sp. WH 5701
Q318X2 PROM9 B Prochlorococcus marinus
A2BYC4 PROM5 B Prochlorococcus marinus
Q7TU54 PROMP B Prochlorococcus marinus subsp. past  oris
A2C4Q7 PROM 1 B Prochlorococcus marinus
Q7vB97 PROM A B Prochlorococcus marinus
A2C709 PROM 3 B Prochlorococcus marinus
Q3AGJ3 SYNSC B Synechococcus sp.
A3Z3K6 9SYNE B Synechococcus sp. RS9917
QO05V74 9SYNE B Synechococcus sp. RS9916
QOI6A7 SYNS3 B Synechococcus sp.

Q3AVUG6 SYNS9 B Synechococcus sp.
886 Q061W1 9SYNE B Synechococcus sp. BL107

63

54

99

Figure S1q.(cont.)E. huxleyigene439872: 20G-Fell_Oxy domaictentaining protein (Prolyl-hydroxylase
alpha subunit-like).

66 A3YWCO 9SYNE B Synechococcus sp. WH 5701
r 94 Q7U326 SYNPX B Synechococcus sp.
P74743 SYNY3 B Synechocystis sp.
_gngIEI B Trichodesmium erythraeum
[ QO5RK8 9SYNE B Synechococcus sp. RS9916
98 L Q7NKJ4 GLOVI B Gloeobacter violaceus

I @ jgi 446612 E Emiliania huxeyi
o5 @ Q4A377 9PHYC V Emiliania huxeyi virus 86

Figure S1r.(cont.)E. huxleyigened4661:. Methyltransferase.
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Annexe A HGT E. huxleyi and virus
96 e Q30YF6 DESDG B Desulfovibrio desulfuricans
A1ANL6 PELPD B Pelobacter propionicus
Q3VP76 9CHLB B Pelodictyon phaeoclathratiforme BU- 1
S Q4AK27 9CHLB B Chlorobium phaeobacteroides BS1

76

88

Q64DF3 9ARCH A uncultured archaeon GZfos18F2
Q8XAI2 ECO57 B Escherichia coli 0157 H7
95 A1WDU2 VEREI B Verminephrobacter eiseniae
A3Z0N4 9SYNE B Synechococcus sp. WH 5701
A4Z032 BRASO B Bradyrhizobium sp.
Q1NUV4 9DELT B delta proteobacterium MLM S-1
Q5WTN6 LEGPL B Legionella pneumophila
89 AOLNE2 SYNFM B Syntrophobacter fumaroxidans
A8LT61 9RHOB B Dinoroseobacter shibae DFL 12
8%7 QOLTO06 9CAUL B Caulobacter sp. K31
88 A6D121 9VIBR B Vibrio shilonii AK1
A7M UO5 VIBHB B Vibrio harveyi
Q1ZP89 9VIBR B Vibrio angustum S14
A6FFY3 9GAMM B Moritella sp. PE36
A3JDN7 9ALTE B Marinobacter sp. ELB17
ABY300 VIBCH B Vibrio cholerae RC385
99 Q2S8P5 HAHCH B Hahella chejuensis
98 A9J905 9DELT B Desulfatibacillum alkenivorans AK-0 1
Q24P77 DESHY B Desulfitobacterium hafniense
Q64S40 BACFR B Bacteroidesfragilis

52

96 A6L0I1 BACV8 B Bacteroidesvulgatus
55

ABNOC5 CLOKL B Clostridium kluyveri DSM 555
ABTP39 ALKM Q B Alkaliphilus metalliredigens

A2UA98 BACCO B Bacillus coagulans 36D1

Q8NQ68 CORGL B Corynebacterium glutamicum
A6Q7T4 SULNB B Sulfurovum sp.

ABERV6 ARCB4 B Arcobacter butzleri
ASVLEL LACRF B Lactobacillusreuteri

A4VTJO STRSY B Streptococcus suis

926 A5LLY8 STRPN B Streptococcus pneumoniae SP6-BS73
99 ; Q095A6 STIAU B Stigmatella aurantiaca DW4/3-1

87

93

70

k= Q1DB45 M YXXD B Myxococcus xanthus
QINIL1 9DELT B delta proteobacterium MLM S-1
QINWL6 9DELT B delta proteobacterium MLM S-1
r Q5J191 PYRKO A Pyrococcus kodakaraensis

99

057949 PYRHO A Pyrococcus horikoshii

99 gg ™= Q9V278 PYRAB A Pyrococcus abyssi
@ YL396 MIMIV V Acanthamoeba polyphaga mimivirus
@ jgi 454190 E Emiliania huxeyi

:‘ Q8QNK6 9PHYC V Ectocarpussiliculosus virus 1
@ A9YVW5 9PHYC V Ostreococcus virus OsV5

89

Figure S1s.(cont.)E. hux

70

8

99 < Q84473 PBCV1 V Paramecium bursaria Chlorella virus
69 @ A7IW78 PBCVN V Paramecium bursaria Chlorella virus

leyigene45419(: SSL2, DNA or RNA helicases of superfamil.

49 Q2LY20 SYNAS B Syntrophus aciditrophicus
A5IYA4 MYCAA B Mycoplasma agalactiae
A6GDM5 9DELT B Plesiocystis pacifica SIR-1
Q1V7P6 VIBAL B Vibrio alginolyticus 12G01

QI1NM I2 9DELT B delta proteobacterium MLM S-1

|_ Q6A7R6 PROAC B Propionibacterium acnes

7

FPG ACIC1 B Acidothermus cellulolyticus

97 FPG CORDI B Corynebacterium diphtheriae
43 99 FPG COREF B Corynebacterium efficiens
96 FPG CORGB B Corynebacterium glutamicum

A1ZGX6 9SPHI B Microscilla marina ATCC 23134

Figure S1t.(cont.)E. hux

Q7S212 NEUCR E Neurospora crassa
@ jgi 508420 E Emiliania huxeyi
@ FPG MIMIV V Acanthamoeba polyphaga mimivirus

79

leyigene50842(: Formamidopyrimidine-DNA glycosylase.

1

86 @ A7ITT1 9PHYC V Paramecium bursaria chlorella virus ~ MT325
< A7K9Q3 9PHYC V Acanthocystis turfacea Chlorella vi rusl

NY2A
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Annexe B.
Uncoupling of Emiliania huxleyi photosynthesis: virus infection

versus nutrient stress

Susan A. Kimmancé, Michael J. Allen’, Joaquin Martinez- Martinez®, Anténio
Pagareté and William H. Wilson**

! Plymouth Marine Laboratory, Prospect Place, TheeHelymouth, PL1 3DH, UK.

2 Equipe EPPO-Evolution du Plancton et PaléoOcé@MRS-UMR7144, Université Pierre et Marie Curie,
Station Biologique, FR-29682 Roscoff, France.

®Bigelow Laboratory for Ocean Sciences, West Boothterbor, 04575 ME, USA.

1. Summary

Viruses can significantly reduce primary productraediated carbon cycling through
infection and lysis of a wide range of autotrophise cellular mechanisms involved in lytic
viral infection and the impacts on host physiolage not well understood, but infection
inevitably results in physiological consequenceshtst metabolism. Here we assessed
infection dynamics in a natur&miliania huxleyicoccolithovirus system to determine the
implications for host photophysiology and efficignof PSII photochemistry. A nutrient-
enriched mesocosm environment off the coast of ldgrwas used to identify the
photophysiological mechanisms that distinguishrésponse of naturé. huxleyipopulations
to abiotic (nutrient limitation) versus biotic (ai) stress. The magnitude of tke huxleyi
blooms and their fate appeared to be dependenthosppate availability. Prior to bloom
collapse there was an uncoupling of the diel pattérphotosynthesis which appeared to be
linked to viral stress. Interaction between nutriand viral stress increased the magnitude of
photophysiological suppression. This is the firetndnstration of a direct viral impact on
photosystem 1l (PSIl) photochemistry in natural aumithophore populations, and &s
huxleyiplays such a vital role in the global carbon cydlenay have important implications

for carbon and nutrient flux.

* Article under preparation. Anténio Pagarete wasvolved in this work, contributing to the mesocosm

experiment set-up, development, and sampling stages 182



Annexe B Uncoupling of E. huxlpiiotosynthesis

2. Introduction

Not only are viruses the most abundant entitie®un oceans (Bergh et al., 1989;
Suttle, 2007) but they are capable of infectingrtt@n primary producers, and play a crucial
role in both nutrient (Wilhelm and Suttle, 1999)dahiogeochemical cycling (Fuhrman,
1999). Yet the precise physiological and, in tuenplogical effects of viral infection are
poorly understood due to the high complexity of unait systems. Laboratory based
experimentation, usually based on limited numbésdrains of interest can offer a glimpse at
the workings of a host/viral system, yet it lacke tealism of the natural environment where
whole communities interact at all trophic levelsaddcosm experiments have gone some way
to address the need to study whole communitiessinaural an environment as possible.
Through the enclosure of natural bodies of watetransparent bags, mesocosms offer the
opportunity to study natural systems under semtroled conditions. Their realism,
reliability and reproducibility (Egge and Heimddl994; Martinez-Martinez et al., 2006)
make them well suited for studying the effects dfemical, physical and biological
manipulations on natural plankton communities.

The bloom-forming Emiliania  huxleyi (Lohmann) Hay and Mohler
(Prymnesiophyceae) is the most abundant speciescablithophore in the world’s oceatts.
huxleyi greatly impacts on marine ecosystems and in pdaticon the global carbon and
sulphur cycles (Burkill et al., 2002; Westbroek at, 1993). Blooms of this ubiquitous
microalga are known to affect the oceanic carbompuElderfield, 2002) and climate
(Charlson et al.,, 1987). As such, it is one of thest intensively studied phytoplankton
species. Until recently, the mechanisms Eof huxleyi bloom disintegration were poorly
understood but it is now accepted that virusesniger coccolithoviruses) are intrinsically
linked to these sudden crashes (Bratbak, Egge, Heldal, 1993; Jacquet et al., 2002;
Schroeder et al., 2003; Wilson et al., 2002), amtivarse range of coccolithoviruses that
infect E. huxleyihave now been isolated and characterized (Allesl.e®007; Schroeder et
al., 2002; Wilson et al., 2005b; Wilson et al., 20

Viral infection of a phytoplankton cell inevitablyesults in physiological
consequences to the host metabolism leading toatfiration of stress and defence
mechanisms (Evans et al., 2006) which in turn d&em growth dynamics and lifecycle (Frada
et al., 2008). Changes in photosynthetic activign chave major implications for the
physiological status of a cell, which may have eguences for its fate. Recently, changes in

photophysiology using chlorophyll fluorescence nueasients have become an important
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and easily measurable parameter of the photoplogsaall state of phytoplankton such s
huxleyi Variations in parameters such as the maximumtguoagield of PSIl photochemistry
(FJ/Fy) and the absorption cross-section of P& are frequently used as indicators of
physiological stress in phytoplankton (Geider anardche, 1994; Moore et al., 2006;
Timmermans et al., 2001).

However, there are relatively few studies on gietophysiological response of
phytoplankton to viral stress and none previously imvestigated this phenomenon in natural
populations. A previous€. huxleyi culture study suggests that viral infection elesgat
oxidative stress (Evans et al., 2006). It is likdigt this is linked to interruption of electron
transport between photosystems | and Il (Balacteandst al., 1997), which results in
photochemical quenching of excess energy througbrdscence to prevent photoinhibition
(Seaton, Lee, and Rohozinski, 1995). Photoinhibitis characterized by damage to the
proteins, lipids, and pigments of the photosynthenembrane, and in particular, the
vulnerable D1 protein (Melis, 1999) and oxygen-guaj complex associated with PSII
(Nishiyama, Allakhverdiev, and Murata, 2006). Alsoand biotic stresses dictate the degree
of photoinhibition by inhibiting the rate of repaf PSII, thus exacerbating photodamage.
Ultimately this may cause reduced rates of carlpatibn resulting in an overall reduction in
the photosynthetic rate (Hewson, O'Neil, and Desmis2001). Thus, photosynthetic
efficiency is a good indicator of the metabolic apdysiological status of chloroplast-
containing cells (Seaton, Lee, and Rohozinski, 1995

Disruption of cellular processing or photophysiotad state caused by stress factors
such as virus infection or nutrient limitation skibbbe measurable by observing changes in
PSIl photochemistry. To test this hypothesis, wekt@advantage of a field mesocosm
experiment that was conducted at the large scaléties at the Marine Biological Field
Station, University of Bergen, Norway in June 2008tring this experiment large volume
(>10 m3) mesocosm enclosures were nutrient-martgnik® inducee. huxleyiblooms under
both P-replete and P-deplete conditions to invastigthe role of P-availability on
coccolithovirus E. huxleyidynamics (as part of a separate study, Pagarate 2009). More
specifically, this field study allowed us to takpportunistic samples to investigate temporal
photosynthetic community photophysiology profilesdainterpret them in the context of
nutrient availability and microbial community suss®n dynamics. Using a fluorescence-
based method to assess changes in PSII photochesfiicency, PSII antenna size and PSII
photoinhibition, the overall aim was to help idénthe photophysiological mechanisms that

distinguish the response of natugalhuxleyipopulations to viral versus nutrient stress.
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3. Materials and methods

Study site and experimental design

The mesocosm experiment was carried out in Raudefip western Norway, at the
Marine Biological Field Station, Espeland 20 km thoaf Bergen, from %' until June 2%
2008. Six enclosures of 11%rt4 m deep and 2 m wide) made of 0.15 mm thick gtblylene
(90% light penetration of the photosynthetic acthaeliation) were mounted on floating
frames moored along the south side of a raft imtidglle of the bay (for details see Egge and
Aksnes, 1992) and numbered 1 to 6 in the east-diesttion (Fig. 1). The enclosures were
filled simultaneously by piecemeal accretimm June % with unfiltered, unscreened seawater
from 6 m depth using a submersible centrifugal pufie seawater in the enclosures was

kept homogeneous by means of airlifts.
Nutrient enrichment

The 6 mesocosms were divided into 2 treatment gra@lipwing triplication of each
treatment: phosphate-replete (enclosures 1, 3 arahd phosphate-deplete (enclosures 2, 4
and 6). To induce a bloom @&miliania huxleyinutrients were added daily as concentrated
stock solutions (between 13:00 and 14:00 h; afterdaily sampling) in a N:P ratio of 15:1
(1.5 pmol [* NaNOsand 0.1 pmol X KH,PQy) to the P-replete enclosures and at a ratio of
75:1 (1.5 pmol ! NaNQ;and 0.02 pmol £ KH,PQy) to the P-deplete mesocosms from 5 to
25 June. Nutrient concentrations were analysed daitg using standard methods (Strickland
and Parsons, 1968) adapted to an autoanalyzerpeglipith autosampling, detection and
computing methods from SANplus segmented Flow Azexly(Skalar Analytic). Briefly, a
100 mL sample was taken daily from each encloqumeserved in chloroform (0.8 % final

concentration) and stored in the dark at 4°C goanalysis.
Physical and environmental parameters

Temperature, salinity and oxygen concentration weeasured daily in all enclosures

using a multi-parameter water quality monitor OTSi, Model 85 (data not shown).
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Meteorological data was obtained from Space Momigpinformation Support laboratory
(SMIS IKI RAN).

Phytoplankton abundance and composition

Phytoplankton composition and abundance estimages determined four times daily
(06:00, 12:00, 18:00 and 00:00 h) from all enclesuand directly from Raunefjorden surface
waters (adjacent to enclosures 3 and 4) by anabfsfsesh samples on a FACScan flow
cytometer (Becton Dickinson, Oxford, UK) equippeihma 15 mW laser exciting at 488 nm
and with a standard filter set up. Samples weré¢yaed at higtflow rate (~70uL min™) and
specific phytoplankton groups were discriminated differences in their forward or right
angle light scatter (FALS, RALS) and chlorophylh@aphycoerythrin forSynechococcus
populations) fluorescence. Files were analysedgug#mMDI 2.8 software (Joseph Trotter,
[http://facs.scripps.edul).

Virus abundance.

Virus abundance was determined four times dailye (B@ytoplankton abundance
above) using the flow cytometric protocol of (Braaed, 2004b). Samples for viral analysis
were fixed with glutaraldehyde (0.5 % final concation) for 30 min at 4°C, snap frozen in
liquid nitrogen and stored at —80°C. Samples wenbsasquently defrosted at room
temperature and diluted 500 fold with TE buffer ¢hénol L* Tris-HCL pH8, 1 mmol [}
EDTA), stained with SYBR Green 1 (Molecular Probdsyie et al., 1999) at a final dilution
of 5 x 10° the commercial stock, incubated at 80°C for 10 mithe dark, then allowed to
cool for 5 min before analysis using a FACSort floygometer (Becton Dickinson, Oxford,
UK). Samples were analysed for 2 min at a flow afte 70 pL min* and virus groups were
discriminated on the basis of their RALS versusgriuorescence. Data files were analysed

using WinMDI 2.8 software (see above).
Photophysiology measurements using FI Re fluorometry
To assess phytoplankton photophysiological potefdigorocessing light with respect

to both nutrient limitation and viral infection, sdrete variable chlorophylluorescence

measurements were acquired using a fluorescencactiod and relaxation (FIRe)
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fluorometer (Satlantic Inc., Halifax, Nova Scoti@anada). Prior to each fluorescent
measurement samples were dark-adapted for 30-4@n@rcontrolled-temperature to match
In-situ conditions.

Dark-adapted samples (3 mL) were analysed thresstohaily (12:00, 18:00 and 00:00
h) within cylindrical 1 cm path length cuvettes qadd into the FIRe fluorometer cuvette
holder. Excitation was provided by a high lumingditue and green LED array (450 and 500
nm peak heights, each with 30 nm bandwidth). ThHeeRlvas employed with a four-step
measurement protocol: (1) single turnover (ST) taxicn from a 100 ps pulse, (2) ST
relaxation from a weak modulated light over 500 (83, multiple turnover (MT) excitation
from a 100 ms pulse, and (4) MT relaxation from eakw modulated light over 1 s. Forty
sequential acquisitions of each four-step sequemers cumulatively averaged for each
fluorescence profile to increase the signal-to-@aiatio. Fluorescence profiles were fitted
with the biophysical (KPF) model of Kolber et a908) using the software FIREPRO (v.1.3,
Satlantic Inc.). Filtered (0.2 um) sample blanksevanalysed at the gain chosen for the
measurement on the sample and subtracted fronathpls fluorescence sequence at the time
of fitting the KPF model. The retrieved PSII phdtemistry parameters utilized in this study
are the minimumHK,) and maximumK,,) fluorescence yields, the maximum photochemical
efficiency of PSIl E,/Fn) and the relative functional absorption crossisactf PSII, opg,
(the product of the light-harvesting capability thfe light-harvesting pigments and the
efficiency of excitation transfer to the reactie@ntre (Kolber and Falkowski, 1993).

4. Results

Nutrient availability

Changes in nutrient concentrations in the mesocasfhscted the daily additions
made during the 17-day experimental period. Phdspl® concentrations in enclosures 2, 4,
and 6 (P-deplete) were almost identical and rendaiae close to zero for most of the
experiment (Fig. 1a); with the exception of day WBere there was a pulse of P in all
mesocosms to <0.1 pumol*L In contrast, mesocosms 1, 3, and 5 (P-replete} weore
variable, with P concentrations ranging from 0 t830umol L* (Fig. 1a). Although P was

higher in P-replete mesocosms during phase 1 dodohmase 2 (see below for description of
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bloom phases), P-concentrations then decreaseagdoiiase 2 and were more variable again
during phase 3.

The difference between P-replete and P-deplete cossts was most noticeable for
nitrate (N) concentrations, anal deviation between treatments was visible from day
onwards (Fig. 1b). N concentrations fluctuatedreatained consistently low, < 2 pmot in
P-replete mesocosms with a marked decline in phadgdehe bloom after day 9 to beyond the
limit of detection; this was followed by an obsefviacrease to 1 umoltin phase 3. In
contrast, P-deplete mesocosms revealed a ste&dy ié concentrations from the start of the
study well into phase 2, from undetectable to betw@ - 9 pmol LX. This was followed by a
decrease in N starting between days 11 — 13 inepBashich dropped to < 2 pmol‘Lin
phase 3 (Fig. 1b). N:P ratios largely reflected kheoncentrations in each of the treatments
since P concentrations were so low (Fig. 1c). Nifios suggest that P-replete mesocosms
were N-limited for most of the experimental peratt P-deplete mesocosms were P-limited.

Mesocosm bloom dynamics

The photosynthetic community in the mesocosms wasiposed of 4 major
discernable groups, measurable by flow cytomet8ynechococcus picoeukaryotes,
nanoeukaryotes anBmiliania huxleyi(see Fig 2 for description of groups). Temporal
progression and succession of the photosynthetraramity was split into 3 distinct phases
over the 17-day study (Fig. 3).

Phase lwas between days 2 — 7 of the study and was deaissex] by rapid increase then
decline of picoeukaryotes (Fig. 3b) and nanoeukas/qFig. 3c). Cell concentrations
increased from between 500 — 1000 ‘Mmio a maximum of 17,046 cells riLfor
picoeukaryotes, and over 37,336 cells hfbr nanoeukaryotes in the space of 3 days, then
immediately crashed back to initial concentratian®r the next 3 daysSynechococcus
concentrations remained between 5,000 — 10,008 eIt (Fig. 3a), gradually decreasing in
each mesocosm during the phase 1 pertodhuxleyi concentrations gradually increased
during this phase from only approx. 200 cellshtb a maximum of 10,000 cells fiL(Fig.

3d). There was no discernable difference in phattistic community abundance between P-

deplete and P-replete treatments in phase 1 (8)gs.
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Phase 2was between days 7 — 13 of the study and was phyneharacterised by
exponential growth of thE. huxleyipopulation (Fig. 3d). A clear split was observetsen
P-replete and P-deplete treatments, with maximuhceacentrations reaching 170,944 thL

in the P-replete treatment towards the end of pBasénere they reached apparent stationary

phase. In additionE. huxleyispecific virus (EhV) concentrations started to raase

exponentially by the end of phase 2 with conceintnatreaching 4 x famL™* from a low of
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4 x 1¢ mL™* at the start of the phase in the P-replete treasn@ig. 3e). In the P-deplete
treatment,E. huxleyicells showed lower growth rates and were stilekponential phase
towards the end of phase 2 with maximum cell comeéons only reaching 70,125 miL

EhV concentrations remained low and variable in Bheeplete phase 2, ranging from

undetectable up to a maximum of 1 ¥ hiL ™.

=]

Nanoeukaryotes

Red fluorescence

Side scatter

Figure 2. Typical flow cytometry scatter plot distinguishirtbe 4 groups identified in the photosynthetic
community Emiliania huxleyi nanoeukaryotes; picoeukaryotes afynechococcds Populations were
discriminated based on their differences in forwardright angle light scatter (FALS, RALS) and ehired
fluorescence (FL3) and phycoerythrin fynechococcysopulations (FL2).

Other components of the photosynthetic communitijiteted mixed responses in
phase 2 (Figs. 3) although, in general there wasbarrved bifurcation between P treatments.
Synechococcusoncentrations started increasing exponentiallyth@ P-deplete treatment
reaching a maximum of 43,510 cells thlinterestingly, the P-replete populations exhibite
variable response, reflecting differences obsebeatd/een mesocosms 1, 3 and 5: an increase
of different magnitudes followed by a crash in Id& versus a drop then increase in
mesocosm 5. However all three mesocosms ended @gméar concentrations (approx.
20,000 cells mtY) by the end of phase 2; (Fig. 3a). Picoeukaryatd manoflagellate
populations both exhibited slow but variable ineesain abundance, with differences starting
to emerge between P treatments by the end of ghase

Phase 3was between days 13 — 17 of the study and wasaphncharacterised by
crash of theE. huxleyi populations and a concurrent exponential increaseEhV

concentrations (Figs. 3d; 3&). huxleyiin the P-deplete treatments did not start to cuath
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Figure 3. Development of microbial community:
(A) Synechococcuspp.; (B) picoeukaryotes; (C)
(B)

coccolithovirus (EhV), measured 4 x'dn all

nanoeukaryotes; (D) Emiliania huxleyj

mesocosms during the 3 phases of the experiment.

half way through phase 3, around day 15, after simmam cell concentration of 76,222 cell

mL™. The magnitude of the crash was lower in the Redeptreatment, with cell

concentrations dropping by approximately 50% of mmaxn, compared to a 95% - 99% drop

in the P-replete treatment. Succession of the opt@tosynthetic components occurred

concurrently, with exponential increasesSynechococcupicoeukaryote and nanoeukaryote

populations. Each population exhibited discerndlifferences in cell concentrations between

P-replete and P-deplete treatmer@gnechococcushowed a clear preference for P-deplete

conditions (Fig. 3a) whereas; picoeukaryote andoeakaryote populations showed a

preference for P-replete conditions (Figs. 3b &&spectively).
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Photophysiological response

At the start of the experiment (day O0) dark-adapteariable fluorescence
measurements showed that there was no differenteede the mesocosms regarding
photosynthetic community PSII photochemistry. Aistlpoint, the ratio of variable to
maximum fluorescenceF(/F) was approx. 0.51 £ 0.01 (average for all mesos)sis
described above, succession of the photosynthetiorainity was split into 3 distinct phases
over the 17-day study. The photophysiological respoof this community will now be
discussed in relation to these 3 phases.

Phase 1Daily addition of nutrients during this initiahpse gradually increas&d/Fr,
by approx. 16 % until stabilising at a maximum ppeox. 0.59 + 0.01 around day 5 (Fig. 4a).
During Phase 1 the value B§/F,, was similar in both the P-replete and P-depletatinents
indicating that the different nutrient treatmenis dot significantly affect the maximal PSII
photochemical efficiency during this time. Similgrthe value obps); was also comparable in
both treatments during phase 1 indicating that &lability did not significantly affect the
PSII cross-section during this period. However,contrast toF./Fn, ops; decreased by
approx. 30 % during the first couple of days afftetrient addition until stabilising around day
3 (Fig. 4b).

Phase 2 After day 8 a clear diel pattern emerged in aflsotosms corresponding to
the daily light cycle, with lowedE,/F, values recorded at midday. Phase 2 was the point i
the experiment at whick. huxleyipopulations started to increase and become thendoin
phytoplankton biomass. During phase 2 there wamparation between the two P treatments
with a general trend of loweFf,/F, in the P-deplete enclosures (Fig. 4a). In pamicul
towards the end of phase 2, between days 11 arfe /B3, in the P-deplete treatment was up
to 11 % lower at midday than in the P-replete tremat (Fig. 4a). After day 8 the PSII cross-
section also followed a diel pattern, with highess, at nhoon with a subsequent decrease
during the later part of the day. This correspondh trends in both-,/F,, and the diel cycle
of chlorophyll fluorescence which was typically heg at the earliest part of the day (Fig. 4c).
The diel chlorophyll fluorescence pattern was nfn@minent in the P-deplete treatment and
was not visible in the P-replete treatment oncettheixleyipopulation increased and became
the dominant phytoplankton group (Fig. 4c).

From the start of bloom phase 2 there appearee t P-treatment effect with higher
ops) in P-deplete compared to P-replete mesocosms 4Big.Under P-stress the PSII cross-

section increased by up to 40% during phase 2.k corresponds with a marked
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Figure 4. Changes in photosynthetic community fluorescqgrarameters (A, BF./Fn, (C, D) ops), and (E, F),

mean Emiliania huxleyi chlorophyll fluorescence per cell (arbitrary unigerived using flow cytometry)

measured 3 xtin all mesocosms during the 3 phases of the exeeti.
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separation of mean chlorophyll fluorescence that walaserved in both P-treatments after day
9 (with the exception of mesocosm 5), which remaifoe the duration of the experiment; P-
deplete populations had higher mean chlorophybiridscence than the P-replete populations
(Fig. 4c). Also noticeable was a sharp increasehlorophyll fluorescence in P-replete
enclosures 1 and 3 which occurred towards the émihase 2 (Fig. 4c) just before these
huxleyi populations entered negative growth (Fig. 5a). both P-treatments there was a

correlation between declining growth rate and iasnegops; around the point of negative

growth (Fig. 5b).
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Figure 5. (A) Emiliania huxleyinet growth rates (1, in all mesocosms during the 17 day experimedime
2008 (rates determined from 0600 data); (B) Plotwshg the correlation between decliniggniliania huxleyi

growth rates (U, 8 and increasingps;during phase 3 of the experiment.
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Phase 3. As the photosynthetic community enteredel3 a marked uncoupling of
photophysiology occurred in all mesocosms (Figs.bJainterrupting the diel cycle in both
F./Fmn andops). The change was first noticeable and most dranratice P-replete treatment
(specifically mesocosm 3; Fig. 4lh),/F,, reached a low in this mesocosm of 0.48 during days
13-15and displayed an overall decreasd-iffF,, of 24 % compared to bloom phase 2. The
decrease i, /F, was most evident at midday and correlated withmaalc of theE. huxleyi
population shortly afterwards. For all mesocosnesdhwas a corresponding trend between
decreasinge. huxleyinet growth rate (Fig. 5a) and decreadt, (data not shown). On day
14, PSII cross-section was much reduced in rangal imesocosms compared to previous
days and there was no difference between P-tredéémerslight recovery was visible by day
15. During the time ofE. huxleyi dominance (days 8-16) an inverse relationship was
determined betweeR,/F,, andops;in all mesocosms, suggesting a linear correldigtween
the extent of photoinhibition and the increase BilRantenna size (Fig. 6), (Ragni et al.
2008). The slopes of this relationship were gremte¢ne P-deplete (y = 1881.5x -2563. %
0.95) compared to P-replete populations (y = 15421855.6,r = 0.86).
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Figure 6. Relationship betweests; andF,/F,; the plot contains all the data during days 9@avhenE. huxleyi
populations dominated the photosynthetic commuinitynass. Superimposed linear fit (R = 0.95 and ,0i&6

P-deplete and P-replete populations respectively).
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5. Discussion

Addition of nutrients to 6 fjord seawater enclosustimulated microbial succession
and induced coccolithophore blooms, which in 3 eswtes subsequently collapsed with
corresponding increases in large, viral-like p#&tc(LVLPs). Flow cytometric analysis
(FCM) allowed us to identify the major microbialogps that developed and to examine in
fine-detail the temporal changes in microbial dyremhat occurred during this experiment.
Based on the flow cytometric profiles and verifieg molecular analysis (Pagarete et al.,
2009; Sorensen et al., 2009) the coccolithophorke lAALP populations were identified as
Emiliania huxleyiand EhV genotypes respectively. The initiation @athinance of thé.
huxleyi populations probably resulted from a combinatidrs@veral natural and enhanced
factors. However the magnitude of these bloomsthait fate appeared to be dependent on
nutrient status, specifically P availability. Basaal the rapid increase in EhV corresponding
with the decline irE. huxleyiwe assume that the viruses caused the major sellaptheE.
huxleyi populations. This view is further supported bywwas experimental data that
corresponds with our findings (Bratbak, Egge, aneldal, 1993; Jacquet et al., 2002;
Martinez-Martinez et al., 2006; Schroeder et &003). At the point of bloom collapse there
was an uncoupling of photosynthetic community pegitohesis, which appeared to be linked
to viral stress. Results from this experiment am@garable with those of previous studies that
induced monospecific blooms &. huxleyiunder similar conditions (Bratbak, Egge, and
Heldal, 1993; Castberg et al., 2001; Egge and Haini®94; Jacquet et al., 2002; Martinez-
Martinez et al., 2006). However this study is thestf demonstration of viral-driven
interruption of PSII photochemistry in natuEal huxleyipopulations.

Photophysiological response during bloom progression; impact of P-limitation

Very few studies have considered the impact ofnitdition in relation to PSII
photochemistry (Beardall, Young, and Roberts, 2@Hziano et al., 1996; Kromkamp and
Peene, 1999; Lippemeier et al., 2003; Wood andeRli¥995); the role of N or Fe is more
typical. However, examining the role of phosphortmstation is imperative because P can
constrain photosynthesis through both its requirgnie nucleic acid and protein synthesis
relating to the photosynthetic apparatus, anduitetion in the production and regeneration of
substrates for carbon fixation (Falkowski and Rav&®07). The impact of availability of

phosphate ok. huxleyigrowth was clearly visible in this study and haduge impact on the
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ultimate size and demise of t&e huxleyiblooms. The high abundance®fhuxleyiin the P-
replete enclosures suggests that they were notelimby any other nutrients during the
experimental period and as they were dividing nibas once per day during bloom increase
(max. p = 0.93, &) with correspondingd./Fr, of 0.6, were growing at their maximum. In
contrast, the development of the P-depketéuxleyipopulations was slower and growth rates
lower (max p = 0.67) than for the P-replete céllse peak in these populations also occurred
2 days later and delayed the onset of the collapeese populations. This was also reflected
by a lower maximunf,/Fn,in these populations of 0.5.

During the second and third phases of the bloomEhkuxleyi populations in all
mesocosms displayed a series of sequential phatapbgical responses as a result of the
interactive effects of light, nutrient and viratests. Individually these factors have previously
been shown to affect the maximum quantum yield $fl Photochemistry K,/Fr,) in E.
huxleyi (e.g. Evans et al., 2006; Kruskopf and Flynn, 20Régni et al., 2008); however
examining the interaction between them is novelthia natural environment phytoplankton
typically display a diel photosynthetic patternr@sponse to the daily light cycle of elevated
photosynthetic rate at the start of the day, foldviby an afternoon depression (Marra, 1980;
Sournia, 1974). Photoinhibition is typically gresttaround midday when high light leads to a
reduction in photosynthetic rate. In this studyceB. huxleyipopulations were established,
diel patterns emerged for various physiologicabpaaters: cell abundance, Chl fluorescence,
F./Fm and the relative functional absorption cross-sectif PSII gps)). These initial changes
in E. huxleyiphysiology were clearly linked to the daily ligtycle and have been observed
previously for naturaE. huxleyipopulations (Jacquet et al., 2002). Over the 2dehod
lowestF,/Fn, values were obtained at midday regardless ofenitstatus in the mesocosms.
However the impact on P-limited cells was greatethiat the interaction between nutrient
limitation and light stress resulted in lowEy/F,, and elevatedps; in these populations
compared to P-replete cells.

Clear differences in Chl fluorescence were alseplesl between the P-limited and P-
replete enclosures. As is typical with P-limitedisemean Chl fluorescence was higher than
in the P-replete cells as a reflection of theirréased size (Muller, Antia, and LaRoche,
2008), but unlike Jacquet et al. (2002) the diffiess in chlorophyll fluorescence between the
P treatments remained visible until the end ofdkgeriment. These observations agree with
previous studies showing that PSIl photochemisgtryesponsive to nutrient limitation (e.g.
Graziano et al., 1996; Moore et al., 2006; Sylveale 2007) and thatps is typically higher
in nutrient deplete cells relative to healthy céi{slber, Zehr, and Falkowski, 1988).
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PSII photochemistry is depressed during nutrieresstbecause the ability of a cell to
repair photodamage is decreased (Falkowski andriR@@97; Kolber, Zehr, and Falkowski,
1988; Marshall, Geider, and Flynn, 2000) and adaffgaction of the absorbed excitation
energy is dissipated as heat and fluorescence ghotochemical quenching, NPQ), rather
than being used for photochemistry (Falkowski andve®, 2007; Kolber, Zehr, and
Falkowski, 1988). Unfortunately there are no measuents of NPQ or photorepair directly in
this study; however the drop iRk/F, we observed at midday when photosynthetic
populations were exposed to supraoptimal light lievenay reflect the net photoinhibition
resulting from the imbalance between damage arairrepPSII (Adir et al., 2003; Critchley,
2000). Intriguingly, in previous culture studi&s huxleyi has been shown to be high-light
tolerant and thus not prone to photoinhibition hmseaof efficient photorepair mechanisms
(Nanninga and Tyrrell, 1996; Ragni et al., 2008)e3e mechanisms are thought to be the
strategy that makes this phytoplankton so competith high-light environments. However
the stress tolerances of natural populations maymbee limited in range compared to
cultured species (Sylvan et al., 2007), and exatedowhen combined with changes in other
environmental parameters such as temperature oemushifts and biotic factors such as
viral infection.

As well as playing a crucial role in the developtehthe Emiliania huxleyiblooms,
nutrient availability also appeared to be imporiantdetermining their fate. Collapse of tBe
huxleyi populations was rapid as found previously (BratbBkge, and Heldal, 1993;
Castberg et al., 2001; Jacquet et al., 2002) angthatest decline was in P-replete enclosure
3 whereE. huxleyiabundance fell by 95 % in 4 days from 1.7 £ &élls mL* on day 12, to ~
7 x 10 cells mL* by day 16. ThoughEhV abundance increased gradually in the P-replete
enclosures from day 8 onwards it was not until #iaythat numbers increased exponentially
suggesting that as observed previously by Jacduat €002), cell infection and lysis was
occurring before the host population decrease. Tppeared to be reflected in the
photophysiological response; just before bloom apsé there was an uncoupling of
photosynthesis that was first visible in mesocosan@ resulted in a breakdown of the diel
pattern ofF,/Fn andops. This interruption oE. huxleyiphotosynthesis is most likely a stress
response to viral infection that was not clearlgible until a high enough proportion of the
population were infected. During viral infection pifants a rapid initial reduction in exciton
trapping efficiency by PSII results in initiatiorf photoprotective mechanisms to alleviate
excess excitation (Balachandran et al., 1997). Whest photochemistry begins to be

affected, non-photochemical energy dissipationo(igh fluorescence or heat) is increased to
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protect the photosynthetic apparatus from furthamalge by excess light, preventing
photoinhibition (Horton, Ruban, and Walters, 199B)is is indicated by a decrease in dark-
adaptedF,/F,, and usually associated with an increase in xammylbpcycle pigments
(Demmig-Adams and Adams, 1992). A similar impairineh photophysiology following
virus infection has also been observed in phytdgtan (Hewson et al., 2001; Juneau et al.,
2003; Seaton, Lee, and Rohozinski, 1995; SuttleGimah, 1993; Suttle, Chan, and Cottrell,
1990; Waters and Chan, 1982), but the degree dfiR8lbition and the timing with regard to
the lytic cycle is variable between species.Haterosigma akashiwonon-photochemical
energy dissipation increased drastically as a resfuliral infection, suggesting that heat
dissipation was the main energy dissipation prodeswfected cells. Viral-induced non-
photochemical quenching has also been observé&ilorella (Seaton, Lee, and Rohozinski,
1995) and in filamentous cyanobacteria (Hewson, e®'Nand Dennison, 2001). In
Micromonas pusillgphotoassimilation of COwas significantly reduced soon after infection
(~ 2 h) but cells continued to fix carbon photoswatically until near the end of the Iytic cycle
(Waters and Chan, 1982). However in contrast, Ulreteal. (2005) showed that viral impact
on PSII performance iRrochlorococcusvas minimal, and suggested that this was because
sustained photosynthesis was necessary in thigmsysr maximum phage production.
Likewise in SynechococcugMackenzie and Haselkorn, 1972) aRtiaeocystis pouchetti
(Bratbak, Jacobsen, and Heldal, 1998) photosyrghasitinued unabated until the point of
lysis. Thus, the impact of viral infection on phgtankton photophysiology appears to be
variable and may depend on whether virus replinaisodependent on host energy derived
from photosynthesis. What implications this hasgomary production and biogeochemical
cycling is still unclear, as very few studies haneestigated direct viral-induced effects on
photochemistry. In terms of phytoplankton biomass kmow that viruses can significantly
reduce carbon fixation and primary production (élgwson et al., 2001; Suttle, 1992; Suttle,
Chan, and Caottrell, 1990). However previous stutieage only considered this factor in terms
of carbon loss via cell lysis. What has not beenswtered previously is the impact of viral
infection on photosynthesis and carbon fixationmythe lytic cycle before the conversion of
POC to DOC. This could be an important carbon sinkently not considered in carbon
cycling budgets. Furthermore, it has implications tigher trophic levels if cells that are
grazed are less carbon-rich as a result of virldction. Particularly if infected cells are
preferentially and more rapidly grazed than nordtéd prey (Evans and Wilson, 2008).
Although F\/F, and PSII antenna size was affected in all mesosakming the third

phase of the bloom, the impact was greatest inPHs¢ressed populations. This may be a
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result of high viral nucleic acid requirements dgriinfection (Bratbak, Egge, and Heldal,
1993) that may have exacerbated P constraint€.ohuxleyi photosynthesis through P
competition between host and virus. Previouslyas fbeen suggested that this high viral
phosphate-to-protein requirement may make viraldpction sensitive to P-limitation
(Bratbak, Egge, and Heldal, 1993; Wilson, Carr, aldnn, 1996). Indeed, the fully
sequenced coccolithovirus isolate, EhV-86 was fotndontain a gene encoding a putative
phosphate permease. A second strain, EhV-163 t@gebfaom Bergen), has been shown to
have a gene replacement at this locus, swappingé¢hmease for an endonuclease. Thus,
essentially scavenging P from within the cell iast®f from external sources, like EhV-86. In
the present experiment there was a distinct difisgein EhV abundance from mesocosms
that were P-limited compared to the P-replete encles, which was not only a result of the
lower host density, viral production rates wereaksduced with P-depletion. This correlates
with previous studies where increased lytic cyeegth and decreased burst size occurred
when host cell growth was phosphate limited (WilsGarr, and Mann, 1996). If during EhV
infection of E. huxleyi photosynthesis continues through to host lysis, has been
demonstrated for other alga:virus systems (e.gwBroCampbell, and Lawrence, 2007;
Lindell et al., 2005), viral demands would decre&sst P and energy reserves further.
Support for this hypothesis comes from the increagehl fluorescence that was observed in
P-replete mesocosms towards the end of phase 3 wiay be an indication of the increased
P-demand due to viral proliferation.

The trend of decreasirg,/F, and a corresponding increasesiy); was visible over
the three days befole. huxleyipopulation crash. This pattern has been obser@daqusly
during photoinhibition oE. huxleyj but as a result of light stress (Ragni et alQ80During
photoinhibition, inactivated/damaged PSII reactioentres still transfer energy to the
functional PSII reaction centres, with the effeCtnereasing the effective size of the antenna
serving the latter (Ragni et al., 2008). IncreaseSigma PSII cross-section are thought to
enhance the susceptibility of PSII reaction centinoedamage (Vassiliev et al., 1994) and this
stress also results in a declineRgF,. Although a decrease iR/F, has been observed
previously during laboratork. huxleyiviral infection experiments (Bidle et al., 2004;das
et al., 2006), to our knowledge this is the fireidy to demonstrate this phenomenon in
naturalE. huxleyipopulations. Unlike most natural phytoplankton cammities which contain
a mixture of photosynthetic algal groups, estabtisht of a dominank&. huxleyibloom
means that the majority of the fluorescence sigih#hined from the analysis is derived from

these populations. Evidence supporting this isdlear diel signal that was only observed
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after day 8 wherk. huxleyistarting growing rapidly. Interestingly, the unpting of a diel
pattern first occurred in mesocosm 3 which conthipepulations that collapsed first, had the
highest virus:host ratio, and maximum viral aburggart the end of the experiment there
appeared to be a recoveryhyF, in all mesocosms but occurred initially in theeplete
treatments. This is probably associated with thengi abundance of other eukaryote
populations after the collapse of the coccolithaploPreviously there has been contention
regarding the use d¢f,/F, as an indicator of nutrient stress (e.g. Kruskayf &lynn, 2006;
Parkhill, Maillet, and Cullen, 2001; Young and Bast, 2003), however this study shows the
potential of this parameter and provides the fitonstration of its utility for assessing the

physiological status of naturgl huxleyipopulations.
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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 approaches conducted
with the major aim of unveiling functional genomic features of the EhV. Evidence for the transfer
of 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 encoded in
EhV genome. This is the first clear case of horizontal gene transfer of multiple functionally-linked
enzymes in a eukaryotic phytoplankton-virus system. We then focus on a natural E. huxleyi/EhV
system and investigate the dynamics of host and virus homologous gene expression for two of
the most important genes of this pathway, serine palmitoyl transferase and dihydroceramide
desaturase. Three defined transcriptional stages are reported during the bloom, with the
coccolithovirus transcripts taking over and controlling the SBP. Further on, host and virus global
transcript abundance occurring within a natural oceanic community 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. On a final
note, the collection of the works is discussed, followed by the potential implications of these

findings and future research perspectives in the plankton virology field.
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	cover.pdf
	Slide Number 1


