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ABSTRACT

Coccolithoviruses are large dsDNA viruses infecting the cosmopolitan calcifying
marine phytoplankton Emiliania huxleyi. Therefore they are instrumental components
of algal bloom demise and thus agents contributing significantly to biogeochemical
cycling in the oceans. Several coccolithovirus strains exist in culture and have been used
so far to study the co-evolutionary arms-race between them and their unicellular host in
naturally occurring or induced blooms in the North Atlantic Ocean and the fjords of
Norway. However, little is known of their distribution in non-bloom conditions, their
natural diversity in times of reduced infectivity rates, and the role of functionally
important genes found in natural coccolithovirus communities. Even less is known
about th& genetic differences and the phenotypic consequences of these differences on
their infection dynamics. Hence here a three dimensional approach was undertaken,
during which the genomes of several coccolithovirus strains were analysed, their
diversity in the global ocean characterised, and their phenotypic properties as seen from

their infection dynamics with their host established.

It was revealed that although coccolithoviruses share a common subset of core genes,
they differ in a large proportion of their genomic material, as seen from the presence
and/or absence of large sub-clusters of functionally unknown genes. Moreover, a gene
that encodes for a phosphate scavenging mechanism (phosphate permease) was
truncated from the genome of the Norwegian isolate EhV-99B1 but not from any other
strain, while a gene encoding for the virulence factor sialidase was truncated only in the
genomes of the English Channel strains isolated in 2001. The discovery of an additional
gene that is potentially involved in the regulation of sphingosine and ceramide
intermediates during the de novo virus encoded sphingolipid biosynthesis pathway was



also intriguing, and the extent of gene homology to host genes (i.e. almost 13% of the
analyzed genomes) highlighted the importance of horizontal gene transfer events in the
co-evolution between algal hosts and their viruses. Secondly, it was established that
virus competition over its resource, the host-cell, is fierce and that during host co-
infection, some viruses (i.e. EhV-207) were superior to others (i.e. EhV-86) in their
quicker utilisation of the host metabolic machinery and possibly shorter latency period
within the infected cells. The biogeochemical and evolutionary implications of these
distinct phenotypic properties are far reaching as in the environment there would be
hundreds of different virus strains fighgiover a few dominant hosts, with “losers” and
“winners” coming and going from a particular niche, affecting the recirculation of

nutrients and carbon at different rates.

Finally, by community fingerprinting cococlithoviruses in the global ocean with
phylogenetic markers (major capsid protein) and functional markers (serine
palmitoyltransferase) it was discovered that the diversity of these viruses increase with
depth, and that the 3D structure of the SPT protein (involved in the propagation of host
cell death) differs among strains, dictated by a variant amino acid linker region between
the two domains of the protein, LCB1 and LCBZ2, potentially influencing the efficiency

of the virus encoded sphingolipid biosynthesis pathway.

This study is an important first step in understanding the role of coccolithoviruses, their
evolution, their functional characteristics, and the possible implications of the latter to

biogeochemical cycling and global climate and primary production predictions.
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1. INTRODUCTION

In this thesis an attempt was made for the first time to understand the functional
relevance of the genetic diversity displayed by viruses infecting the eukaryotic algal
species Emiliania huxleyi; to determine the dynamic interactions of these viruses with
their unicellular host; and to extrapolate the consequences of these interactions to
global biogeochemical cycling in the worlds’ oceans. In this chapter the role of marine
phytoplankton and their co-occurring viruses will be explained with an emphasis on

elucidating the ecological importance of the Emiliania huxleyi-virus system.

1.1. Putting the algal-virus system into perspective

Planet Earth is referred to by many as the Blue Planet. This is because more than 70%
of the Earths’ surface is covered by water. However, many plant biologists and marine
microbiologists will disagree with the above statement. Surprisingly, half of our planet
can be considered green, i.e. consists of either photosynthetic (primary producers)
organisms visible to the naked eye (terrestrial trees and bushes, seaweeds, sea grasses,
kelps, and corals) or of photosynthetic microorganisms that vary in shape and size,
and are invisible as individuals to the naked eye and can be detected only by either
microscopy and/or the use of specific molecular techniques, or when in vast
populations remotely from afar. This invisible fraction includes small bacteria such as
cyanobacteria (e.g. Prochlorococcus and Synechococcus), and larger unicellular
protists such as diatoms and haptophytes that comprise the diverse phytoplankton
group (Partensky et al., 1999; Stanier and Cohen-Bazire, 1977; Thomas et al., 1978;

Jordan and Chamberlain, 1997) (Figure 1.1).
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Viruses, at a fraction of the size of bacteria and plankton, are the most abundant
biological entities on the planet. There aréldrus like particles in the worlds’

oceans, or approximately 1per mLof seawater (Suttle, 2005). In fact viral infection

of bacteria and phytoplankton is considered today as a major cause of marine microbe
mortality in that it reduces global primary productivity, and acts as a major driving
force in biogeochemical cycling, gene transfer events between hosts and viruses, and
generally the evolution of life (Suttle, 2007). Several model systems have recently
been used for the study of marine viruses, their hosts, and the interactions between the
two (Seaton et al., 1995; Schroeder et al., 2002; Martinez et al., 2007; Marston et al.,
2012). Perhaps one of the most relevant of these systems to biogeochemical cycling
in oceans results in the termination of blooms of the cosmopolitan haptophyte alga
Emiliania huxleyi, and is instigated by the viral genus Coccolithoviridae (large double

stranded DNA viruses of the family Phycodnaviridae).

1.2. The coccolithophore Emiliania huxleyi and its distribution

The photosynthetic single celled calcifying marine plankton Emiliania huxleyi (E
huxleyi) is one of the most important primary producers on our planet; it dominates
the planktos (at certain times of the year) (Feng et al., 2008) and has a worldwide
distribution (Gattuso and Buddemeir, 2000). E. huxleyi belongs to the coccolithophore
family within the Haptophyte genus of which there are more than 300 living species
described (Jordan and Chamberlain, 1997). Coccolithophores produce calcium
carbonate plates (known as coccoliths) intracellularly, which are expelled from the
cell, and subsequently arranged arousaxterior (Brownlee and Taylor, 2004). The
chalky deposits (or detached coccoliths) that remain following cellular disintegration

can be seen from space (Figure 1.2) and are found in sediments throughout the



worlds’ coastal regions, and in fact, it is these algal calcium carbonate plates that form

the modern day cliffs of Dover in the UK (Dupont et al., 1993).

.

Black Sea

English Channel Greenland Ireland

Fig. 1.2.Satellite images of coccolithophore blooms in the global ocean captureti$?A datellites
(http://visibleearth.nasa.gov/).

The movement of coccolithophores in the water column and the ecological niche
which they occupy is governed by the ocean currents, the availability of nutrients (i.e.
phosphate and nitrate), and appropriate temperature and light levels for photosynthesis
(Brown, 1995). Once these conditions are favourable for coccolithophore growth, one
or more species (the most dominant of which is E. huxleyi) form extensive blooms
(often visible from space), where the algal cellular density can typically redch 10

cells per mL in the sun-lit part of the water column (usually the upper 200 m) (Honjo,

1976; Boeckel and Baumann, 2008). The bio-geographical range of E. huxleyi and



other related coccolithophorid species is diverse and they can usually be found at low
abundance throughout the global ocean (Eynaud et al., 1999; Poulton et al., 2010;
Shutler et al., 2012). E. huxleyi has been found globally, for instance: in the North
Atlantic (Parke and Dixon, 1976glesias-Rodriguez et al., 2006), English Channel
(Wilson et al., 2002; Schroeder et al., 2002), Pacific (Iglesias-Rodriguez et al., 2006),
Southern Ocean, (Cook et al., 2011), Mediterranean Sea (Vilicic et al., 2009), Black
Sea (Caraus, 2003), in inshore waters such as Norwegian fjords (Iglesias-Rodriguez
et al., 2006Frada et al., 200@anknegt et al., 200%uo et al., 2012) and around sub-

Antarctic and Antarctic islands (Findlay et al., 2005).

1.2.1. The influence of coccolithophores on global climate

The importance of annual algal blooms and their ecological relevance is almost
indisputable. There has been increasing evidence recently that coccolithophores such
as E. huxleyi play a crucial role in the regulation of our climate by being the central
component of several self regulating mechanisms (Charlson et al., 1987; Rijssel and
Gieskes, 2002; Franklin et al., 2010). The physiological and morphological
characteristics of the coccolithophorid surface, allows them to display some unique
properties. Due to the presence of calcium carbonate plates on the outer surface of the
cells, the calcite allows coccoliths to scatter more light than they absorb and the rate at
which light is reflected back into space increases during blooms (Moore et al., 2012).
As a consequence of this decrease in radiative forcing the ocean cools down. This may
eventually have a negative effect on the growth of coccolithophores because of self-
shading (as they and other phytoplankton and bacteria below the bloom need light for
growth) decreasing their abundance, thus serving indirectly as a positive feedback on

the warming of the ocean (since there are less cells to reflect the light back to space



and therefore more light available for other photosynthetic organisms at depth). In
addition, the increasing cellular density of the upper layer of the ocean during a bloom
can act as a cover that prevents, to a certain extent, the penetration of light into the

deeper layers of the ocean, serving as an additional negative feedback mechanism.

The construction of calcium carbonate plates in coccolithophores also plays a crucial
role in the net concentration of free carbon dioxide on our planet. Coccoclithophores
are primary producers and therefore transform, df@to organic matter via
photosynthesis. In ik aspect, all phytoplankton including the coccolithophores are
the same. Coccolithophores however also remove carbon from the global carbon cycle
in an inorganic form through the formation of their calcium carbonate chalk liths; yet,
crucially, the carbonate chemistry of calcification in coccolithophores actually
produces C@through the following conversion: €at+ 2HCQ > CaCQ + H,O +

CO, (Raven and Crawford, 2012)

Finally, coccolithophores may also play an important role in climate regulation by
influencing cloud albedo (Figure 1.3) due to the release of the sulphur compounds
dymethyl sulphide (DMS) andimethylsulfoniopropionatéDMSP) (Charlston et al.,
1987). The concentration of these compounds in E. huxleyi is at least 100 times
greater than in diatoms (Keller et al., 1989) and is released when the cells are dying
due to factors such as nutrient starvation (Tilman et al., 1982); virus induced mortality
(Bratbak et al., 1993), zooplankton grazing (Bratbak et al., 1995; Levasseur et al.,
1996; Kirchman, 1999), or programmed cell death (Bidle et al., 2007). Due to the
mixing of the upper ocean with the atmosphere and the sheer force of winds and

waves, these compounds are released into the atmosphere where they eventually form



cloud condensation nuclei (CCN) that fuel the development of clouds. The formation
of extra clouds increases the backscatter of light into space, the result of which is the
decrease in light penetration into the atmosphere and ocean. As a consequence
phytoplankton becomes limited by light and DMS and DMSP production is inhibited.
Work still continues today to try and fully understand the mechanisms of this
complicated feedback system that involves biological and physical and chemical
factors alike. The main criticism to this hypothesis comes from the lack of quantitative
understanding of particle development processes in the marine-atmosphere boundary
layer and the lack of evidence that links global CCN concentrations to DMS fluxes,
suggesting that the role of DMS in climate control, as suggested in the CLAW
hypothesis (the acronym derives from the first letter of the authers surnames
Charlson, LovelockAndreae and Warren), might be low (Ayers and Cainey, 2007,

Woodhouse et al., 2010).

Hence, coccolithophores and the agents that contribute to their mortality may be part
of a self-regulating feedback mechanism on climate control and primary production,
where a potential shift in biotic or abiotic conditions, whether natural or

anthropogenic, can have a profound effect on the outcome of a bloom, its role in
biogeochemical cycling, carbon export to the deep ocean, and their bioavailability to

upper trophic levels as a food source in the marine environment.
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1.3. Viruses at a glance

Viruses (in Latin virus=poison) are the smallest biological entities on our planet. They
consist of a nucleic acid genome (single or double stranded DNA or RNA) enclosed
by a simple protein coat known as a capsid (Carter and Saunders, 2007). Some viruses
are enclosed by a bi-layer lipid membrane envelope, a feature that often helps in the
protection of the viral core from ultraviolet degradation and physical damage. In some

viruses the envelope also aids in attachment and adsorption of the virus into the



infective host cell (Allen and Wilson, 2011). Viruses are obligate intracellular
parasites; therefore the host is essential for virus replication as they require the host

cellular machinery and metabolism for their own propagation.

The initial contact of viruses to their hosts occurs by passive diffusion during which
they use the exposed cellular structures of their hosts in order to attach themselves and
enter into the cells. There are three main types of virus replication. Lytic infection
during which viruses attach to host cells and introduce their nucleic acids into the
cells, followed by the production of a large number of virus progenies that are
eventually released by bursting the cell and as a consequence killing it. The second is
chronic infection in which the release of virus progeny is not lethal, i.e. the host cells
release these newly formed viruses by budding over several generations. The third is
lysogeny in which the viral nucleic acids are integrated into the genome of the host
and become part of it. It replicates as an integrated genetic material (sometimes
referred to as a prophage) with the replication and reproduction of the host until its

Iytic infection is triggered by stress to the host (Fuhrman, 1999).

The life cycle of most viruses can be generalised in the following steps: binding to
receptors on the membrane of a target cell via its own receptors on the envelope or
capsid, entry into the cell and un-coating of its envelope (or injection of its DNA into
the cytoplasm of its host), the expression of virus genes, the replication of the viral
genome, the assembly of the newly formed virions in the host cytoplasm, and finally
the release from the cell of the newly assembled virions by either bursting the cell
envelope or budding (Allen and Wilson, 2011; Carter and Saunders, 2007). For

unicellular organisms the last step often results in the lysis and death of the host cell.



The study of viruses (and subsequently the majority of scientific knowledge on their
life strategies and the cellular mechanisms by which they infect, replicate and persist)
has been acquired in the last 100 years mainly by investigating medically important
disease mediators in humans such as Smallpox (Behbehani, 1983), Polio (Tebbens et
al., 2013), Influenza (Zimmer and Burke, 2009), Hepatitis (Hoofnagle et al., 2012),
and HIV (Hladik and McElrath, 2008) and to a lesser extent commercially important
viruses such as Tobacco Mosaic virus (Scholthf, 2004) and Rabies (Bourhy et al.,
1999). However we now know that viruses are not just cellular parasites and disease
mediators. They play an active role in the evolution of life and impact biotic and
abiotic factors in the environment (Suttle, 2005; Breitbart and Rohwer, 2005). With
regards to the viruses under study in this thesis, it is now well established that E.
huxleyi specific viruses (EhVs) are often instrumental in the termination of E. huxleyi
blooms, thereby affecting the abundance and diversity of E. huxleyi populations and
the biogeochemical cycling of carbon and sulphur in the marine environnignt.
infecting bacterial and microalgal populations (such as the coccolithophores), viruses
directly control the local abundance of these microbes, and thus the amount of
nutrients recycled through the marine trophic web (i.e. dissolved organic matter:
DOM and particulate organic matter: POM), the release of climate regulation
compounds (i.e. DMS and DMSP), and the export of carbon into the deep ocean

(Weitz and Wilhelm, 2012).

1.4.1. Viruses in the oceans
Viruses are now considered to contain the largest pool of genetic variability on Earth,
and have inspired many to embark on ocearoyages in order to explore the

mysteries hidden in the four letter code of marine virus genomes. Several expeditions
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in recent yars have embarked on long haul missions around the worlds’ oceans to try

to detect the presence and impact of viruses via means of metagenomics,
metatranscriptomics, and phylogenetic molecular based fingerprinting techniques. For
instance, during the Sorcerer | and Il expeditions (Yooseph et al., 2007), researchers
filtered large quantities of seawater from different depths around the globe and then
used culture independent techniques to capture the diversity of marine viruses and
gain an insight into their biogeography. During another research cruise, on board the
French vessel TARA (Karsenti et al., 2011) scientists size fractioned the water
samples in order to capture the diversity from larger zooplankton at the top of the food
chain, all the way to the smallest fraction at the bottom, the viruses. A different
approach was undertaken in two other cruises, the first in 1999 in the North Atlantic
(Wilson et al., 2002; Martinez et al., 2012) and the second in the North Atlantic near
Iceland (Rowe et al., 2011). Both applied specific molecular techniques (polymerase
chain reaction [PCR] and Denaturing Gradient Gel Electrophoresis [DGGE]) followed
by single gene genomics in order to map and characterise the distribution of
coccolithophores and their co-occurring coccolithovirus communities. They revealed
that the phylogenetic diversity of coccolithoviruses in natural systems is greater than
that observed in the laboratory, and that this diversity has been so far under-

represented.

1.4.2. The “Viral Shunt” and “killing the winner”

Although viruses in the marine environment have many ecological roles, the major
one that has been attributed to them is their role as “viral lubricators” through the

“Viral Shunt” (Wilhelm and Suttle, 1999; Suttle, 2007). This process refers to the

retainment of nutrients at lower trophic levels in the marine food web. When
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phytoplankton cells are grazed, energy is available to higher trophic levels, whereas,
viral-mediated mortality forces the food web towards a more regenerative system in
which DOM and POM recycling occurs (Figure 1.4), stimulating bacterial production
(Wilhelm and Suttle, 1999). Sequestration of materials in viruses, bacteria and
dissolved matter may lead to better retention of nutrients in the sunligh zone in virus-
infected systems, because more material remains in these small non-sinking forms.
This may be particularly important for nutrients that potentially limit productivity

(such as N, P and Fe), which are relatively concentrated in bacteria compared to

eukaryotes.
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Fig. 1.4 Virus mediated catalysis of biogeochemical cycling, adapted from Suttle (2005). Virus
infection of phytoplankton, whether algal or bacterial, short circuit the dfomutrients and carbon to
higher trophic levels by lysing cells andusag the flux of these compounds to the pool of DOP and
POM.

When viruses lyse bacterial or algal cells in the marine environment, the intracellular
contents within the dying cells leaks out as particulate or dissolved organic material

and enter the pool of DOM and POM. The two are distinguished based on their
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filtration behaviour via polycarbonate filters. Organic material that is retained on

filters with a pore size of 0.2 um is POM while material that passes this pore size is
the DOM. DOM is the largest pool of organic carbon in the ocean and perhaps even
the largest in the biosphere, available to heterotrophic bacteria (which use carbon
containing organic matter as a source of energy), cyanobacteria, eukaryotic

phytoplankton, and protists (Ogawa and Tanoue, 2003).

The DOM pool includes amino acids and nucleic acids, usually recycled in the
euphotic zone (the zone at which light is available for photosynthesis), whilst more
rigid carbon-rich structures such as cell walls are exported to the deeper waters, where
they can feed other microbes in the “microbial loop” (Azam et al., 1998; Pomeroy et

al., 2007). Finally, virus activity also drives the formation of “marine snow” by
releasing “sticky” components from within cells, thus influencing many biological and
microscopic physicathemical processes, and facilitating aggregation and sinking of

material from the euphotic zone (Peduzzi and Weinbauer, 1993; Furhman, 1999).

Although viruses are usually species specific, there seems to be a “killing the winner”
scenario, where the most abundant and active bacterial or phytoplankton populations
at a given time within a given niche, are also the most susceptible to infection and
eventually termination (Thingstad and Lignell, 199A)such a model, viruses will
prevent any single host species whose population size was determined by protozoan
grazing, from dominating the whole community, resulting in the “killing the winner”
scenario (Ringstad and Lignell, 199Avhere high population density, characterised
usually by lower diversity (i.e. the most abundant and active bacterial or

phytoplankton population at a given time and a given niche is also the most
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susceptible to infection) inevitably promotes the activity of viruses which rely on

contact collisions for their replication.

The vast majority of evidence for this hypothesis (in the context of this thesis) has
come from mesocosm and open ocean studies of E. huxleyi blooms and their
associated viruses the Emiliania huxleyi viruses (EhVs) (Wilson et al., 2002; Martinez
et al., 2007; Sorensen et al.,, 2009) in which the blooms are eventually terminated
largely due to infection by these viruses. The hypothesis makes sense in both
ecological and evolutionary terms in that when the bloom is at its peak the water is
much denser and packed with cells closer to each other, therefore providing an easier,
faster route for infection. The majority of the host population is killed by the co-
occurring viruses and only a small fraction that is resistant to these infections survive,
giving rise to the seed for the next bloom the following year or/and when conditions
are favourable again. This small resistant population is the “winner” of the next bloom

cycle and on an evolutionary time scale the viruses infecting these “winners” have to

adapt and change each time in order to keep up and maintain their own replication and
survival, consistent with the Red Queen hypothesis proposed by Van Valen (1973). In
addition, the “viral-host stable cexistence” theory proposed by Thyrhaug et al.

(2003) suggests that the co-existence of viruses and their hosts allows the recovery of
host populations following viral infection. This is due to an efficient feedback
mechanism in which the viral lysis during the peak of an infection cycle results
eventually in the low abundance of hosts and as a consequence a reduction in the rate
of infection of these hosts by the viruses. Hence the function of viruses in the
“microbial loop” and the “viral shunt” goes beyond the scope of biogeochemistry, into

the realm of co-evolutionary host parasite arms race for survival.
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1.5. Phycodnaviridae: viruses of phytoplankton

The Phycodnaviridae family consists of viruses that infect either marine or freshwater
single celled micro-alga. There are currently six genera in the Phycodnaviridae:
Chlorovirus (PBCV-1, infecting freshwater single-celled green algae), Phaeovirus
(EsV-1, infecting multiedlular filamentous brown algae), Prasinovirus (MpV-SP1
and OtV-1, infecting single- celled green algae), Prymnesiovirus (CbV-PW1, infecting
single-celled marine algae), Raphidovirus (HaVO01, infecting single-celled harmful
algal bloom species) and Coccolithovirus (EhV-86, infecting single-celled red algae).
All the viruses in this family have an icosahedral virion structure and are similar in
their general morphological characteristics (Dunigan et al., 2006). Although their
particle size range is 100 to 200 nm in diameter, genetically, these viruses are very
different, and variability exists even between virus strains that infect the same host
organism (Allen et al.,, 2006a, 2006b; Fitzgerald et al., 2007a, 2007b, 2007c;
Weynberg et al., 2009; Nissimov et al., 2011a, 2011b, 2012a, 2012b; Pagarete et al.,

2013; Jeanniard et al., 2013).

The first algal virus was isolated from Micromonas pusilla in the late 70s (Mayer and
Taylor, 1979). With the discovery and development of phylogenetic markers such as
the virus encoded DNA polymerases (Knopf, 1998) and genes encoding for capsid
protein structure (Mannige and Brooks, 2010), it became possible to not only
distinguish different viruses within the same family but also different strains of the

same virus (Rowe et al., 2011; Martinez et al., 2012). Astonishingly, in 20 years of
research thereafter of the Phycodnaviridae, it was observed that although
morphologically similar there is very little similarity on the genomic scale (i.e. genetic

structure and content) of members of this family. For instance only 14 genes were
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identified to be common to viruses infecting PBCV-1, EsV-1 and EhV-86 (Wilson et
al., 2009; Dunigan et al., 2006), predicted to encodeDfotype ATPase, DNA
polymerase, ATPase, helicase, capsid protein, thiol-oxidoreductase, D6R-type
helicase, protein kinase, VLTF2-Like transcription factor, proliferating cell
nuclear antigen, ribonucleotide reductase (large and small subunit), A494R-like

uncharacterized protein, and thioredoxin.

1.5.1. Coccolithovirugs

The coccolithoviruses, a group of viruses that infect coccolithophores have been
shown in the last two decades to be a major cause of E. huxleyi bloom termination in
the English Channel (Wilson et al., 2002a), Norwegian fjords (Martinez et al., 2007),
Gulf of Main (Rowe et al., 2011), and the North Sea (Wilson et al., 2002b). The
coccolithoviruses studied to date are all large dsDNA viruses and belong to the
NCLDV (NucleoCytoplasmic Large DNA viruses) class of viruses within the
Phycodnaviridae family (Table 1.1) (Dunigan et al., 2006). They have the potential to
terminate a 100,000 Krbloom in a matter of days (Holligan et al., 1983). The
coccolithoviruses have icosahedral virions, are lytic (latent period of 4-6 h, Dunigan et
al., 2006), with a replication cycle in the nucleus of their algal host and assembly of
new virions in the cytoplasn{Mackinder et al., 2009). The exact adsorption
mechanism of these enveloped viruses into the cell has not been fully established
however it is believed that they enter the cell either by means of endocytosis that is
followed by fusion of their envelope (and capsid) with the vacuole membrane of their
host or by direct fusion with the plasma membrane of the cell (Mackinder et al.,
2009). The release from the cell is by budding, potentially through the action of lipid

rafts, and the burst size is 400-1000 viruses per infected cell (Castberg et al., 2002).

16



1.5.2. General characteristics of Emiliania huxleyi viruses

Emiliania huxleyi viruses (EhVs) are a recently discovered group of coccolithoviruses
that infect the marine single celled coccolithophorid alga Emiliania huxleyi. All EhVs
known to date, have been isolated from either the English Channel or the Norwegian
Fjord of Raunefjorden, and they all have a 160-180 nm diameter icosahedral structure,
with a genome of approximately 400 kbp (Wilson et al., 2005). The abundance of
these giant viruses (or Giruses as some virologists have named them due to their
enormous size) typically reach 010" per mL in natural seawater under bloom
conditions (Martinez et al., 2007; Sorensen et al., 2009) ahell@per mL under
laboratory culture (personal observations). They are bigger than some small bacteria,
and can be visualised both by electron microscopy and also by fluorescence staining

techniques such as Analytical Flow Cytometry.

1.5.2.1 Emiliania huxleyi virus- 86, 163, and 99B1

The model coccolithovirus strain EhV-86 (AJ890364) was isolated in 1999 from a
coccolithophore bloom in the English Channel (Wilson et al., 2002a) and its genome
was sequenced in its entirety in 2005 to reveal a circular genome of 407,339 bp
(Wilson et al., 2005). Two further strains, EnV-99B1 and EhV-163 were isolated in
1999 and 2000 respectively from a Norwegian Fjord and have also had their genomes
sequenced (Allen et al., 2006b; Pagarete et al., 2013). An initial comparison of EhVs
has shown that EhV-86, EhV-163 and EhV-99B1 differ in a very small number of
genes (Allen et al., 2006b; Pagarete et al., 2013), despite the fact that these strains

were isolated from geographically distinct locations.
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So far the most notable differences observed between strains relate to the presence or
absence of a gene encoding a phosphate permease (ehv117 in EhV-86) and other
genes with no current assigned function. ehv117 has been replaced (at the same locus)
in all Norwegian originating strains examined to date by a putative endonuclease
encoding gene (Allen et al., 2006b). Potentially, both gene products could play a role
in determining intracellular phosphate availability. One by scavenging from the
external environment (permease) and the other from the degradation of host genomic
material (endonuclease). This however has not been confirmed, and laboratory studies

to test this theory are required.

1.5.3. Emiliania huxleyi virus 86: genomics, proteomics and life cycle

So far, Emiliania huxleyi virus 86 (EhV-86) has been extensively used as a model
system to study the complex interactions between a virus and a host in the laboratory
on a genetic and proteomic level (Allen et al., 2006b, 2006c, 2008, 2011, Allen and
Wilson, 2006). EhV-86 has a 170-175 nm diameter icosahedral capsid; the largest
genome known for a virus in this family (Wilson et al., 2005). Interestingly, the full
genome sequence of this model strain revealed that at least four of its genes encode
proteins involved in sphingolipid biosynthesis (Wilson et al., 2005; Monier et al.,
2009) and have been suggested to actively promote metacaspase activity in the host

cell (Bidle et al., 2007).

This finding was of great importance because sphingolipid biosynthesis leads to the
formation of ceramide (Merrill, 2002), a proven suppressor of cell growth (Obeid et

al., 1993) and inducer of programmed cell death (PCD) and apoptosis (Mao and
Obeid, 2008). The coccolithoviruses have acquired these genes from the host by

means of horizontal gene transfer (HGT) (Pagarete et al.,, 2009), and have been
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suggested by some to manipulate programmed cell death through the activity of these
gene products (Monier et al., 2009). Thus, coccolithoviruses may induce and actively

recruit host metacaspases as part of their replication strategy (Bidle et al. 2007).

Table 1.1.Classification and general features of Emiliania huxleyi viruses (EhVaptedi from SIGS
(adapted from Nissimov et al., 2011b).

Parameter Phylogeny

Classification Domain:

Viruses, dsDNAviruses, no RNA stage
Class:

NCLDV (Nucleo-CytoplasmicLarge DNA)
Family:

Phycodnaviridae

Genus:

Coccolithovirus

Species:
Emiliania huxleyi virus

Virion shape Icosahedral

Habitat Oceanic, Coastal

Biotic relationship Obligate intracellular parasite of Emiliania huxleyi
Pathogenicity Lytic virus of Emiliania huxleyi

Particle diameter 150200 nm

Genome size 138420 kbp

In addition, proteomic analysis of the virion structure revealed many viral proteins
with potential roles associated with viral budding, signalling, anti-oxidation,
adsorption and host range determination (Allen et al., 2008). 80% of the proteins
encoded by EhV-86 are unique and have no matches in the public protein database.
There is a set of approximately 56ore virus genes in the NCLDV group that
usually encode for genome replication, expression and virion structure, and only 25 of
these are in the genome of EhV-86 (Wilson et al.,, 2005). The presence of a large

novel promoter region in the genome of EhV-86, i.e. a region of unique promoter

19



elements with no homology to the public domain that are associated withghe fir
transcriptional phase of viral CDSs, together with the presence of virus encoded RNA
polymerase suggests that the expression of many EhV transcripts occurs in the

cytoplasm and that they have their own transcrigtiomachinery.

To explain this further Allen et al. (2006c) showed that the transcription of virus genes
during infection by EhV-86 is bi-phasal. The first stage was shown to be dominated
by the expression of a group of CDSs 1 h post infection of which each CDS in this
group was associated with a novel promoter element within the genome of EhV-86,
while the rest of the viral CDSs were expressed 2-4 hours post infection in what was
described as a secondary stage. Hence the authors hypothesised that the viral nucleic
acids targeted the host nucleus immediately upon infection in order to transcribe the
first stage genes by the aid of the host encoded RNA polymerase that recognised the
viral promoter elements (described as early nucleus transcription), followed by the
second stage transcription in the cytoplasm by the aid of the virus encoded RNA
polymerase (described as late cytoplasm transcription). More evidence to support this
theory is required hence the current knowledge isljmeircumstantial. A schematic

representation of the described life cycle of coccolithoviruses, is seen in Figure 1.5.

20



Fig. 1.5. Schematic hypothetic representation of the proposed life cycle of the cocdalishBirV-86
adapted from Mackinder et al. (2009). The enveloped virus enterbosteeither by endocytosis
(stepla) followed by fusion of its envelope with the cell vacuole mameb(step2) or by fusing its
envelope with the host plasma membrane (step 1b). The viral gesoreteased after the capsid
breakdown (step 3) post the rapid capsid encapsulation of the nucleapfdtemthe viral genome
enters the nucleus in which promoter sequences are expressed byt thecbded RNA polymerase.
The rest of the viral genes are expressed within the cytoplasm in whidhalsapsid assembly of new
virions occurs (step 4). The newly assembled viruses are tréggpo the plasma membrane (step 5)
from which they are released by budding (step 6).

1.5.4. Horizontal gene transfer in coccolithoviruses

Horizontal Gene Transfer (HGT) is a molecular or/and cellular process by which
genetic information is transferred between either multi-cellular organisms or microbes
and their associated viruses (Koonin et al., 2001; Gogarten and Townsend, 2005; Liu
et al., 2010; McDaniel et al., 2010; Vogan and Higgs, 2011) by means that are

independent of normal reproductive strategies (i.e. not parent to offspring). In the case
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of viruses this can be simply described as: the acquisition of genetic material function
from either the host or from other co-infecting viruses. For example, during the
replication phase, host DNA can sometimes become incorporated into the DNA of the

virus, resulting in its stable acquisition and integration into the virus genome.

In bacteria, HGT is largely responsible for the reoccurrence of diseases and resistance
to antimicrobial agents (Martinez, 2009; Warnes et al., 2012), while bacterial viruses
(phages) were shown to possess similar genes to those present in their infective host
(Canchaya et al., 2003), potentially also acquired by HGT. One such example is the
Prochlorococcus cyanobacteria (or blue green alga) and its phage (Lindell et al.,
2004). The phage has at least four genes involved in photosynthesis, which derive
directly from its host (Sullivan et al., 2005). Moreover, it was also shown that
“satellite” viruses or virophages (viruses that “infect” other viruses and hinder their
successful replication within the host cell) of Mimivirus (a virus that infects amoebae)
have genes that are similar to genes found in the giant Mimivirus and Mamavirus (La

Scola et al., 2008; Claverie and Abergel, 2009).

In eukaryotes, HGT has been shown extensively in plant pathogens and fungi
(Richards et al., 2011; Renner and Bellot, 2012), however the most interesting transfer
of genes relevant to algal-virus systems and this study occurs between Emiliania
huxleyi and the coccolithoviruses. However, the total number of homolog EhV

encoded genes among different coccolithovirus strains to their host is currently

unknown.
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1.5.5. Programmed Cell Death and Apoptosis

Programmed cell death (PCD) refers to a process in cells during which a series of
coordinated intracellular events causes the eventual death of the cell. This process
results from specific gene expression and is mediated by caspase (and metacaspase)
enzymes. The result of this series of biochemical reactions is a cell in the state of
apoptosis, characterised by nuclear organelle and DNA fragmentation, cell shrinkage,
loss of membrane integrity and the creation of apoptotic bodies of cellular content
(Suderman et al., 2008). In many cases environmental stress such as nutrient
limitation (Bidle and Bender, 2008; Thamatrakoln et al., 2012) and enforced darkness
(Segovia and Berges, 2009); as well as virus infection (Bidle et al., 2007; Vardi et al.,
2012) can induce the intracellular signalling of PCD and the activation of caspase (a
precursor of cell death). For instance the rapid demise of dinoflagellate blooms in the
worlds’ oceans has been attributed to PCD that follows environmental stress such as
energy limitation for growth (i.e. nutrient limitation), the result of which is lack of
cellular division and in some cases production of reactive oxygen species that promote

cell death (Franklin et al., 2006).

Apoptotic PCD is essential for cellular life, termination of abnormal cells, and has a
role in development and immunity in multi-cellular and single celled organisms
(Hedrick et al., 2010). In the medical realm there are many examples of viruses that
impact the PCD pathway. For instance, it was established that virulent strains of
influenza A and B induced structural changes typical of those observed in cells
undergoing apoptosis (Hinshaw et al., 1994). Similarly, it was shown that respiratory
pathogens, such as the human coronaviruses that invade the central nervous system,

influence the induction of host initiated cell death by using specific virus encoded
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glycoproteins (Favreau et al., 2012). However there are still many uncertainties with
regards to viruses and their apoptotic effect in marine microalgae (Franklin et al.,
2006). For instance, EhVs have been implicated as apoptosis mediators in E. huxleyi
infected cells (Bidle et al., 2007; Wilson et al., 2009). EhV infection results in: rapid
cellular component degradation, reduction in the photosynthetic activity and
efficiency of the cells (Evans et al., 2006; Llewellyn et al., 2007), and up-regulation of
metacaspase expression (Bidle et al., 2007). In addition, the genomes of EhVs contain
genes for the biosynthesis of sphingolipids and ceramide (see previous section), also
known as a promoters of PCD and apoptosis via the sphingolipid pathway and
ceramide signalling. Hence the presence of these PCD promoting genes in the genome
of EhVs is surprising, given that it is in the virtisest interestto maintain a healthy

host cell for as long as possible in order to enable its own successful replication. It
was proposed by Vardi et al. (2012) that these genes are important in the ability of
EhVs to manipulate the host PCD machinery and as a consequence regulate the host-

virus interactions and the fate of the infected host cells.

1.5.6. Molecular markers for phylogeny

When attempting to study the diversity of a particular group that is phylogeneticall
related, or in trying to distinguish different strains of the same species in an
environmental DNA sample, it is of great importance to choose genes that are
relatively conserved in the target organism that is under study. For instance, the 16S
rDNA gene that codes for the 16S ribosomal RNA subunit of prokaryotic ribosomes,
is used extensively for the phylogenetic study of Bacteria and Archaea (Woese and
Fox, 1977). In viruses however not a single gene is common across all viruses, hence

the difficulty in using such a marker. There are however conserved genes within
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different lineages of viruses. DNA polymerase (DNA pol) for instance is used to
distinguish viruses in the Phycodnaviridae family (Gimenes et al., 2012), while the
major capsid protein (MCP) gene has also been used to study the phylogeny of

coccolithoviruses (Martinez, et al., 2012; Rowe et al., 2011).

Thus the selection of marker genes such as the viruses encoded MCP and DNA pol
can be very useful if attempting to study the general diversity and distribution of
viruses in the environment. However, the use of conserved genes for phylogeny in the
case of viruses helps little if one aims at investigating the functional characteristics or
functional diversity of a virus population of a known ecological impact such as the
coccolithoviruses. The use of these markers will reveal who is in a particular niche but
not necessarily what they are doing in this niche and whether their actions as seen
from RNA and trancriptomic data are related to the conditions they are found in and

adapted to.

For instance, transcriptomic data that reveals the functional cha@atactesf members

of the Coccolithoviridae family are now available from laboratory studies during
which the researchers used microarray methods during the infection cycle of a
susceptible host (Allen and Wilson, 2006; Allen et al., 2006¢c, 2007). However,
relating these data to the functional chanasties of coccolithoviruses in the natural
environment would be difficult by solely using relatively conserved phylogenetic

markers that change little from one strain to another on a spatial and temporal scale.
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1.5.6.1. Current status of coccolithovirus diversity

The use of MCP as a marker for coccolithovirus diversity has nevertheless proven
useful in fingerprinting cocddhovirus communities in environmental samples,
revealing the succession of EhVs during blooms in the ocean and in demonstrating
their phylogenetic diversity. For instance, the MCP gsslof nucleotide sequence
samples collected across 6000 km of open ocean revealed that the diversity of EhV
genotypes was underrepresented by strains capable of infecting an E. huxleyi host in
the laboratory and that across the sampled transect many MCP genotypes were
represented only once while others were represented multiple times (Rowe et al.,
2011). This indicated that location specific distinctions of EhV genotypes in the
natural environment exist and that these distinctions can be observed by the use of the
MCP marker gene. Also, in two separate msocosm studies in a Norwegian fjord
(experiments in large enclosures of natural watermyas shown that it is possible to
trace the propagation of an infection and the succession of EhVs by using the MCP
marker gene, and gain an insight into the genotypic diversity of EhV communities
during the propagation of these induced blooms (Schroeder et al., 2003; Martinez et
al., 2007; Sorensen et al., 2009). Remarkably, it was possible by the use of the MCP to
establish that although the EhV diversity was high during both mesocosm studies at
the beginning of the blooms, the diversity decreased towards the end of the blooms,
dominated by the same two EhV genotypes in both mesocosm experiments. Hence the
MCP marker also revealed that some EhVs have an advantage over others during a

bloom and that their succession potential differs.

In a different study, due to the conservation of DNA sequence, the MCP marker gene

was used to elucidate the distinct relatives of the modern coccolithovirus, by
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coccolithovirus community fingerprinting sediment record samples from the Black
Sea that span more than 7000 years into the past (Coolen, 2011). By looking at the
diversity of fragments of the MCP gene in these sediments, correlating the data with
the diversity of the host from the same samples, and the integration of
paleoenvironmental data, the author revealed that although the same group of
coccolithoviruses and hosts persisted for centuries, a major shift in hydrologic and

nutrient regimes 2500 years ago selected for a new group of coccolithoviruses.

Hence, although the MCP marker enables the possibility to assess host virus
interactions and their phylogenetic diversity in the modern ocean and in the distant
past, it does not reveal the diversity in their functional characteristics; i.e. it does not
reveal the reasons behind why some coccolithovirus strains are better in bloom
termination demise than others and what gives them a fitness advantage over others.
Therefore, using more variable genes such as the virus encoded serine
palmitoyltrnasferase (SPT), that encodes for a specific function in a metabolic
pathway of proven importance during infection, is essential in order to understand if
the functional diversity of coccolithoviruses is conserved or varies among strains from
different geographical settings and among strains isolated from the same location but
at different times. Thus the approach taken in this thesis was to use in conjunction
both of these markers in order to study the phylogeny, distribution and function of

coccolithoviruses in samples from a variety of temporal and spatial settings.

1.6. The Plymouth Marine Laboratory virus collection and the “new viruses”
The Plymouth Marine Laboratory (PML) virus collection is a growing collection of

viruses that have been isolated from the English Channel and various coastal waters
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around the UK during the last 15 years. Water samples are routinely tested against
potential algal hosts and suspected infections/inhibitions are diluted to extinction and
purified before storage for future analysis (Chapter 6). Currently there are in culture
viruses infecting Ostreococcus tauri and also more than 15 different virus strains

capable of infecting one or more strains of E. huxleyi.

1.7. Thesis objectives

In order to learn more about these fascinating coccolithoviruses, their diversity, and
their interactions with their algal hosts (and ultimately, their impact on marine food
web dynamics and biogeochemical cycling), this thesis attempts to answer the

following compelling questions:

A) What is the genomic diversity of Emiliania huxleyi viruses, and are there
substantial functional differences between coccolithovirus strains isolated from
different locations and different times?

B) Are there strain specific differences in the infection dynamics of EhVs and how do
these differences manifest during infection?

C) What is the phylogenetic and functional diversity of coccolithoviruses in different
geographical settings, and what is their distribution during non-bloom conditions in

the Atlantic Ocean?

To address objectivg(A), seven coccolithoviruses that originate from water
concentrated samples in the PML archive were sent for full genome sequencing at the
Broad Institute in the US, were annotated, and compared to the reference genomes of

EhV-86 and EhV-99B1 (Chapter 3). Additionally, four new viruses were isolated,
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analysed by microarray and PCR, and sent for sequencing at the NERC Biomolecular
Facility in Liverpool, UK (Chapter 6). To address objecti(®), the infection
dynamics (i.e. phenotypic characteristics during infection) of two coccolithoviruses
with a known genomic difference, EhV-86 and EhV-207 were investigated and
compared by means of Analytical Flow Cytometry (AFC), and quantitative
Polymerase Chain Reaction (qQPCR) (Chapter 4). Finally obje(@iyevas addressed

by: i) participating in a research expedition to the Atlantic Ocean and obt&iNAg
samples from various depths at different geographical locations, and ii) by
investigating DNA samples previously collected in the North Sea and from the
English Channel, for phylogenetic and functional diversity of coccolithoviruses (by

means of PCR, DGGE and eventually capillary sequencing) (Chapter 5).
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2. MATERIALS AND METHODS

2.1. GENERAL MATERIA LS

2.1.1. Laboratory consumables and reagents

Consumables and reagents for general laboratory practice were obtained from
Invitrogen, Sigma-Aldrich, Promega, Fish8cientific and Qiagen. The ultrapure 18

Q water (MQ) used in this study was obtained from a Millipore water purification

unit.

Table 2.1.A list of reagents and their constituents used throughout this PhD research

Reagent Constituents

50 x TAE (Severn Biotech LTD) 242 g Tris, 57.1 mL Glacial Acetic Acid, 100 mL 0.5
EDTA (pH 8) + MQ to final volume of 1 L

1xTAE 200 mL of 50 x TAE in 10 L of MQ

TE buffer (10:1, pH 8.0) 1 mM EDTA pH 8.0, 10 mM Tris HCI

Ethidium Bromide (Sigma) 10 mg/ mL HO

DNA loading dye 0.05 % Bromophenol blue, 50 % Sucrose; 10 mM
EDTA pH 8.0

DGGE loading dye 80% glycerol, 20% dkD (MQ), 0.25% bromophenol
blue, 0.25% xylene cyanol

GTE buffer 50 mM glucose, 25 mM Tris HCI, 10 mM EDTA

1 x Lysis buffer 20 mM Tris-HCI (pH 7.5), 150 mM NacCl, 1 mM
Na,EDTA
1 mM EGTA, 1% Triton, 2.5 mM sodium
pyrophosphate
1 mM beta-glycerophosphate, 1 mMMN®,, 1 ug/mL
leupeptin

1 x PBS (pH 7.2) 137 mM NacCl, 2.7 mM KClI, 4.3 mM NEPOQ,, 1.47
mM KH,PO,
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2.1.2. Origin of Emiliania huxleyi strain

Emiliania huxleyi (Lohmann) Hay and Mohler 2090 was originally obtained from the
Provasoli-Guillard Centre for the cultivation of Marine Phytoplankton (CCMP) in
Maine, USA. It was isolated on th& bf July 1991 from the South Pacific (02.66 S’,

82.71 W’) near the coast of South America
(https:/Incma.bigelow.org/node/1/strain/CCMP2090). Its optimal temperature for
growth ranges between 18 -22°C. The cell length of the alga usually ranges from 3-7
pm and most cells lack external scales or calcium carbonate plates (i.e. coccoliths).
This strain has been maintained in the Plymouth Marine Laboratory culture collection

in the UK since the late 90’s. The strain used in this study is from this collection.

2.1.3. Media preparation and algal cultivation

All E. huxleyi CCMP 2090 cultures were grown in an f/2 media (Table 2.2). In order
to prepare the f/2 media for the algal cultures, fresh seawater was collected weekly
from the L4 site south west of Plymouth, located 10 km offshord §58; 04°13°W).

The filtered sea water was then pre-filtered through a 1.6 um Sartorious filtration
system (Millipore GFF filters) and then 30 kDa filtered in the laboratory using
tangential flow filtration (section 2.2.3), and autoclaved at@26r 20 min. Seawater

was then aged for several months aiClth the dark, and finally distributed to 1 L
sterile glass bottles with added 0.2 um syringe filtered and autoclaved nutrients
(Phosphate, Nitrate, Vitamins and Trace Metals), and stored in a dark cool place
(16 C) until used. Emiliania huxleyi strain CCMP 2090 was cultivated in f/2 nutrient
media in a controlled temperature cabinet or room under a light/dark cycle of 16/8 h

respectively, at a temperature of @8hroughout all the experiments in this thesis.
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Table 2.2.Growth media for the Emiliania huxleyi CCMP 2090 stock and experinudfotres.
Medium Components

f/2 (minus Si) 884 uM NaNQ@, 36 yM NaH,PO;,- HO,

11.7 uM Fe EDTA- 6D, 0.9 uM MnC}- 4H;0,
12 uM NgaEDTA:2H,0, 0.04 uM CuSQ5H0,
0.03 uM NaMoQ- 2H,0, 0.08 uM ZnSQ 7H0,
0.05 uM CoCJ- 6 H0, 0.37 nM vitamin By,

2 nM biotin, 0.3 uM Thiamine HCI

2.1.4. Coccolithovirus isolates

The virus strains used in this study (Table 2.3) were obtained from either the
Plymouth Marine Laboratory (PML) virus collection library in the UK, originally
isolated during natural blooms from either the English Channel or the Raunefjorden

fjord in Western Norway, or from various waters around the UK.

2.1.5. Virus lysate stock generation

For each EhV strain a continuous batch of fresh viral lysate was prepared every three
to six months and prior to experiments, in order to ensure that the viruses were kept
fresh at all times and had a high amount of infective virions within them. For this, 500
mL of an exponentially growing E. huxleyi CCMP 2090 culture (~4 %nD™) was
infected with 5-10 mL of a current virus lysate stock. After 14 days, or when the
culture was lysed completely (complete loss of pigmentation, assessed using
analytical flow cytometry, section 2.2.2) the new lysates were filtered (via 0.2 um
pore size filters, Millipore Express) to remove E. huxleyi cell debris and the filtrate

(i.e. filtered lysate) stored in the dark at 4°C until required.
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Table 2.3. EhV strains in the PML virus collection and their isolation informatio@- English
Channel; NF- Norwegian Fjordl.M- Lossiemouth, England; F- Fife shore, Scotland, NIA-no
information available.

Strains Location | Isolation Lat/Long Depth (m) Reference
date

EhV-84 EC 26/07/1999| 50°15'N, 04°13'E 15 Nissimov et al., 2011a
(this study)

EhV-86 EC 30/07/1999| 50°13'N, 04°09'W 15 Wilson et al., 2002

EhV-88 EC 26/07/1999| 50°15'N, 04°13'W 5 Nissimov et al., 2012a
(this study)

EhV-201 EC 27/07/2001| 49°56'N, 04°19°W 2 Nissimov et al., 2012a
(this study)

EhV-202 EC 27/07/2001| 50°00'N, 04°18°W 15 Nissimov et al., 2012b
(this study)

EhV-203 EC 27/07/2001| 50°00'N, 04°18'W 15 Nissimov et al., 2011b
(this study)

EhV-207 EC 01/08/2001| 50°15'N, 04°13'W 5 Nissimov et al., 2012a
(this study)

EhV-208 EC 01/08/2001| 50°15'N, 04°13'W 5 Nissimov et al.2012a
(this study)

EhV-163 NF 20/07/2000| 60°20'N, 05°20' E surface Allen et al., 2006b

EhV-99B1 NF 07/1999 | 60°20'N, 05°20' E surface Pagarete et al., 2013

Ehv-18 EC 2008 50°15'N, 04°13'W Surface | This study

EhV-145 LM 2008 51°72°N, 03°28°W Surface This study

EhV-156 EC 2009 50°15'N, 04°13'W Surface | This study

EhV-164 F 2008 NIA Surface This study
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2.2. GENERAL METHODS

2.2.1. Analytical Flow Cytometry of Emiliania huxleyi

For the enumeration of cellular density and abundance of Emiliania huxleyi, sub-
samples of one mL were removed from the culture flasks and assessed by analytical
flow cytomery (AFC) using a FACScan Flow Cytometer (Beckton Dickinson,
Oxford, UK) with a 15 mW Argon laser exciting 488 nm with a standard filter setup,
for one minute at flow rate of75 pL min’. To reduce coincidence during analysis,
dense cultures were 10-fold serial diluted in 0.2 um filtered seawater according to
their density. Mean red cell fluorescence (proxy for chlorophyll) and side and forward
light scatter data from each sample were analysed and recorded on Ceti@lestP
software. The flow rate was calibrated everyday with Milli-Q water for five minutes.

Flow Cytometric data was analysed with WinMDI 2.9 (2000) software.

2.2.2. Analytical Flow Cytometry of Emiliania huxleyi viruses

Viral abundance was also determined using AFC, following the protocol of Brussaard
(2000). Sub-samples of one mL were taken from either freshly made lysate stocks or
from infected cultures during an experiment, and fixed with 50% glutaraldehyde in
final concentration of 0.5 %, for 30 minutes a€4The samples were then snap
frozen in liquid nitrogen and stored at -8Ountil analysis. Before analysing the
samples on the Flow Cytometer the samples were defrosted i av@fer bath. 50

puL from each sample was diluted with 450 pL of sterile and filtered TE 10:1 buffer at
pH 8 to give a 10-fold dilution. Samples were further diluted (up to 500-fold) if the
concentration was subsequently deemed too high for an accurate measurement as
observed with the Flow Cytometer. The samples were then transferred to 5 mL Flow

Cytometry tubes (BD Bioseices) to which 5 uL of SYBR Green | was added at a
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final dilution of 5 x 10° the commercial stock. Tubes were then incubated in a dark
80'C water bath for 10 min and then cooled in the dark at room temperature for five
min prior to analysis on the FACScan (Beckton Dickinson, Oxford, UK) Flow
Cytometer for one min at a flow rate efll uL min'. Emiliania huxleyi viruses
(EhVs) were discriminated from other particles using green fluorescence versus side

scatter. Data files were analysed using the CellQue¥tRaftware.

2.2.3. Isolation of coccolithoviruses

Water was collected weekly from the L4 time series at the Western Channel
Observatory south of Plymouth in the English Channel, UK, for the last 15 years and
from other locations around the UK coast. Before concentrating one L subsamples
from this water by tangential flow filtration (TFF) (Suttle et al., 1991) 100 fold
through a 100,000 molecular weight cut off polyethersulfone membrane filtration
devise (Vivaflow 200), the water was pre-filtered via 0.45 um filters (Millipore
membrane filters). Subsequently the TFF resulted in 30 mL volume concentrated
filtrates. These concentrates were stored in the PML L4 sample archive for future use.
Then, exponentially growing E. huxleyi CCMP 2090 cultures in sterile 48 well plates
were assayed using the dilution to extinction method as previously described by
Wilson et al. (2002) and modified in this study. Briefly, 100 puL aliquots from each
concentrated library sample were added to 900 uL of the E. huxleyi host. Following
host lysis, i.e. loss of coloration due to cellular disintegration, samples were removed
and serially diluted from Ibto 10 in UV filter sterilized Milli-Q water and once
again 100 pL added to 900 pL of the E. huxleyi host. The well plates were stored until
analysis in a controlled temperature (CT) room under a light/ dark cycle of 16/8 at

~18°C and light intensity of ~90 uM photon&’rs’. The highest dilution at which a
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host culture was cleared in the well plates was further diluted 1did@he same way

twice more. Each time the highest dilution at which infection was observed was
removed and further diluted as above. Then aliquots of one mL were taken out from
the last concentration/infection round and added to one L of exponentially growing E.
huxleyi CCMP 2090 for the generation of the first lysate of the newly isolated viruses
(known as the primary lysate). Once lysed, the infected cultures were 0.2 pum filtered
(Millipore membrane filters, cellulose acetate/ cellulose nitrate), analysed by AFC for

the quantification of free EhV VLPs and stored in the dark at 4°C.
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2.3. MOLECULAR METHODS

2.3.1. Primers

The oligonucleotide primers for the detection of the virally encoded major capsid
protein (MCP) of EhVs have been used successfully in previous studies (Rowe et al.,
2011; Martinez et al., 2007, 2012) and were therefore used in this study. New primers
were manually designed and used for the detection of the serine palmitoyltransferase
(SPT) gene ehv050 after the CLUSTALW multiple alignments of the full SPT gene
sequences from ten different EhV laboratory isolates (Table 2.3). The two sets of
molecular probes were used to evaluate the genetic diversity of EhVs in
environmental samples and the presence of functionally important genes such as SPT
in natural assemblages (Chapter 5). All primers in this thesis were manufactured by

Sigma-Aldrict?.

Strain specific primers were also designed for Emiliania huxleyi virus strain 86 (EhV-
86) and Emiliania huxleyi virus strain 207 (EhV-207) for gPCR analysis during the
virus “fight club” experiments (Chapter 4). Their specificity was validated
experimentally by PCR amplification (Chapter 4). In addition, 96 primer pairs (Table
2.5), previously designed to amplify EhV-86 and EhV-163 genes in a shotgun survey
for the identification of novel functions for biotechnological exploitation (personal
communication with Dr. Mike Allen) were also used in Chapter 6. All the proposed
primers in Table 2.4 and 2.5 were analysed for primer dimers, annealing temperature,
hair pins and other possible PCR artefacts by the OligoAnalyzer 3.1 platform (IDT

Integrated DNA Technologies).
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Table 2.4.Primer sets used in Chapter 4 and Chapter 5 of this study.

Primer Sequence Fragment | Reference
size (bp)
MCP-F1 5’-GTCTTCGTACCAGAAGCACTCGCT?3’ 084 Schroeder et al.,
MCP-R1 5’-ACGCCTCGGTGTACGCACCCTCA’ (2003)
MCP+2-GC 5’CGCCCGGGGCGCGCCCCGCGGCGEGE(
CGGGGGCACGGGGGEBTCGCGCTCGA 135 Schroeder et al.,
GTCGAT C3’ (2003)
MCP-R2 5’-GACCTTTAGGCCAGGGAG?’
SPT-F1 5’-GTTGGATATCCCGCAACACC3’
703 This study
SPT-R1 5’-CAATGTCGCCAATGTTGGC?3’
SPTF2-GC 5’CGCCCGGGGCGCGCCCCGGGCGGE(C
CGGGGGCACGGGGGGAATCTCGCGC
GCG3®’ 335 This study
SPT-R2 5’-CGCGGTCCACATGTACC3’
SPT-F2 5’-GGAATCTCGCGCGCG¥’
qPCR(EhV86YF | 5-GCACAACTTTCAACAATTCG-3’ _
209 This study
gPCR(EhV86)}R 5’-TCAGCTCAACTTTTGGATCAS’
gPCR(EhV207)}F | 5’-CATAGGGTTGGCAATATTCA3’ ]
353 This study
gPCR(EhV207)R | 5>-TTCGAAACAACTTGGTCAAC-3’
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Table 2.5.PCR fingerprinting forward and reverse primers of 96 EhV-&6egfragments used in Chapter 6. The primers include restriction siteseatithas these were

initially designed for cloning.

Agarose Target

lane name Gene product name Forward primer Reverse primer

1 ehv018 putative endonuclease CCAGGGACCAGCAATGGGTATTAATGGGCTATCTCGTC GAGGAGAAGGCGCGTTACTTTCGTTTCTGGCCCACAG

2 ehv039 CCAGGGACCAGCAATGCAAGAGGCATATTATAATTATGCAC GAGGAGAAGGCGCGTTAGTTTATGGTGTAATCTCGAAGGTG

3 ehv104 putative helicase CCAGGGACCAGCAATGTTTGCGAAATGTATTTCAAAACCATTG GAGGAGAAGGCGCGTTAAAGCTTTCCTATTTTTTTCTTTAATGCAG

4 ehv152 putative DNA-binding protein CCAGGGACCAGCAATGGAATCACTAAACGTTGTAAAATTTCTG GAGGAGAAGGCGCGTTACGCTGAAACCTTTTGTCGTTITG

5 ehv307 CCAGGGACCAGCAATGGCACCCAATACGGAACC GAGGAGAAGGCGCGTTAGGATGGCGTCTGTGACAG

6 ehv358 putative thioredoxin CCAGGGACCAGCAATGGAGCTCAGCATGAAGATGG GAGGAGAAGGCGCGTTACTTCTCAATAAACTCCTTAAAACTATCC
putative DNA-directed RNA

7 ehv434 polymerase Il subunit CCAGGGACCAGCAATGTTTAGCAGCATAGAAGATGCCAC GAGGAGAAGGCGCGTTACTAAAATTCTAATGTGGCGGAAATATGAG

8 ehv465 putative thioredoxin protein CCAGGGACCAGCAATGATCTTTATAATCGCACCGGTC GAGGAGAAGGCGCGTTAAATTGACTCATCGACGAATTGTAAC

9 ehv087 CCAGGGACCAGCAATGTCTACATCTCAGGATATCAAGAC GAGGAGAAGGCGCGTTATCAAGACACTTCCATATCGACTAC

10 ehv150 CCAGGGACCAGCAATGGACGAATTTCATACTACAGTAG GAGGAGAAGGCGCGTTATTGTTGGGTATTGTGTTCGG

11 ehv298 CCAGGGACCAGCAATGGCCACCGTCGGACAAAAAAG GAGGAGAAGGCGCGTTATCACGCATCAATCATCTCCTGGATC

12 ehv233 CCAGGGACCAGCAATGTTTAAAATGAAGCACTGCTGCAATC GAGGAGAAGGCGCGTTACTATACCGTAAAAAGGCTTAGGTATG
putative proliferating cell nuclear

13 ehv020 antigen CCAGGGACCAGCAATGTTTGAGTGCAAAGGAAATGCCGGAC GAGGAGAAGGCGCGTTACAGATCGTCTATCTTAGGCGCCAG

14 ehv040 CCAGGGACCAGCAATGAAATTCCACTGGCCGACTG GAGGAGAAGGCGCGTTACTAAGTATCCATATATTGATCAGCATTC
transcription factor S-Il (TFIIS) family

15 ehv105 protein CCAGGGACCAGCAATGTCACTATTTACCAAAAATCCCCTAAATAC GAGGAGAAGGCGCGTTACTGCACTTTCCACTTTTGATTACAC

16 ehv158 putative DNA ligase CCAGGGACCAGCAATGTTTTCGGGGTATCGTTCTTATCAAG GAGGAGAAGGCGCGTTAGTTAACCGACGCTTGTGATTGATAC

17 ehv308 CCAGGGACCAGCAATGGTCACCCAAGTCAATCATATG GAGGAGAAGGCGCGTTATCAATTATTCATCTTATAAAACCAAGTCAAAC

18 ehv363 putative esterase CCAGGGACCAGCAATGCTTCATAAATTTGAAACCCATCG GAGGAGAAGGCGCGTTACTAGCACTTGATAATGTGTTCTTTG
putative proliferating cell nuclear

19 ehv440 antigen CCAGGGACCAGCAATGTCTAATCAATCAATTACAGTTACATTTGAAG GAGGAGAAGGCGCGTTATCAATCAATGTTTCTGGGAGTAATAAAAAGTG

20 ehvll7a CCAGGGACCAGCAATGTTTAGCAGCATAGAAGATGCCAC GAGGAGAAGGCGCGTTACTAAAATTCTAATGTGGCAGAAATATGAG

21 ehv106 CCAGGGACCAGCAATGTCTGTTGTTCGGACATCATTG GAGGAGAAGGCGCGTTAAACTATTTCCCCCAACACGTTTG

22 ehv323 CCAGGGACCAGCAATGTCTGCCGCCACGCTCAG GAGGAGAAGGCGCGTTACCAAACGGGACGACCAACAAAAG
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23 ehv300 CCAGGGACCAGCAATGCTTCCGAATCAGATGAACCAG GAGGAGAAGGCGCGTTACACATCACAGTACAAACCAACGAC

24 ehv235 CCAGGGACCAGCAATGCCTACCCATAATCGTACCGTC GAGGAGAAGGCGCGTTACTAATCTACAATTACGTCATCATCAGTTG

25 ehv022 | phosphoglycerate mutase family CCAGGGACCAGCAATGATAGTGCGTTTTATTCGACATGG GAGGAGAAGGCGCGTTATTCGAGAGTTTGATCCAGTGTATAC

26 ehv041 | putative endonuclease CCAGGGACCAGCAATGTCTGGCATCATATATTACATCC GAGGAGAAGGCGCGTTAAAATATAAAATACGGATTGTATGGCATC

27 ehv109 OTU-like cysteine protease CCAGGGACCAGCAATGACATCAACCGCATCCCGTATAAG GAGGAGAAGGCGCGTTATTTTTTTACTAATGAGTCATAATGACCGGAC

28 ehvl66 | putative RING finger protein CCAGGGACCAGCAATGTCCGTTGGTTTCTGTGCCGTTTG GAGGAGAAGGCGCGTTAATCTACATGTACACGAAGTACTTCAGTG

29 ehv325 CCAGGGACCAGCAATGAATAGACTTGGATATATTGCGATTGGTTTTAC GAGGAGAAGGCGCGTTATCACTGCATACATGGCACGCGTTC

30 ehv393 Dna) domain-containing protein CCAGGGACCAGCAATGCAGTACATCACACAAAGTGTAC GAGGAGAAGGCGCGTTAGATGAAACCAAACCAACTGC

31 ehv444 | putative DNA topoisomerase CCAGGGACCAGCAATGTCTGACCAAAAGATGCAGGTC GAGGAGAAGGCGCGTTACTTTCTAGCTTTCTTTGGCTTGG

32 ehv434a CCAGGGACCAGCAATGCAGGCAGATCCAAAAGAAGGTG GAGGAGAAGGCGCGTTAGCTGTGCATGGAAAGTCGG

33 ehv107 | Superfamily | DNA and RNA helicases | CCAGGGACCAGCAATGTCAAAATACAGTTTATCATCTCAACAAC GAGGAGAAGGCGCGTTATAACTTCAATAACTCTAATGTTTTAACTGG

34 ehv290 CCAGGGACCAGCAATGGCCTCCCCGATTGCGATC GAGGAGAAGGCGCGTTACTTAAGAGCCATGAGACGAGAC

35 ehv304 CCAGGGACCAGCAATGGTCCCATCCACCGCTGAC GAGGAGAAGGCGCGTTAATTGTTAATTACGAAAACACCCGACCCCAC

36 ehv265 CCAGGGACCAGCAATGGTCTCTGCGATGCTGACGATG GAGGAGAAGGCGCGTTACTAATTCACAACAACTGCCCTTGACG

37 ehv023 putative deoxycytidylate deaminase CCAGGGACCAGCAATGGACTTTACAAAGTGTATGTCTTG GAGGAGAAGGCGCGTTATCAAAGTAAAAAAGTAAGTAATCTATACGTC

38 ehv042 CCAGGGACCAGCAATGGGTACTGGAACCTCGCGAC GAGGAGAAGGCGCGTTACGACGTCACGTGGGCTCG

39 ehv128 ERV1/ALR family protein CCAGGGACCAGCAATGCCCAACAAAACAGACGAGAC GAGGAGAAGGCGCGTTACTTTTTATACTTTCTATACCCAACCAC

40 ehv175 CCAGGGACCAGCAATGGAGAAAGAGGAAAGTCTCACTG GAGGAGAAGGCGCGTTAGAATTCTGGCGGCTCGTTTAG

41 ehv340 CCAGGGACCAGCAATGAAGAACTTTTCATCTGACACATCTG GAGGAGAAGGCGCGTTATTGATACTGATCCAAATAACTAGACG
putative deoxyuridine 5'-triphosphate

42 ehv397 | nucleotidohydrolase CCAGGGACCAGCAATGTCCTCAACCACTACCAATCTATATG GAGGAGAAGGCGCGTTACATACCAGTACTACCAAACCCATTAG

43 ehv447 putative serine protease CCAGGGACCAGCAATGTGTTATAATATAAACATGTTTCTATTCATAAC GAGGAGAAGGCGCGTTACTATGTACGCAATGAATACTTCTTG

44 ehv434b CCAGGGACCAGCAATGCTACAACAAAGTTTCAAGTGC GAGGAGAAGGCGCGTTACACCATGTTAAACTCTGTGTTTTC

45 ehvl4l | PIF1 helicase CCAGGGACCAGCAATGTCGCTAACCGTATGTCAGCAG GAGGAGAAGGCGCGTTACACACAATAAAAGTTAACGACTTTTGGATC

46 ehv293 CCAGGGACCAGCAATGGCTTTCGTCGACAACACGTTTTC GAGGAGAAGGCGCGTTACATCGCAATTGGGACACCG

47 ehv305 CCAGGGACCAGCAATGACGACGATGTCTTCGGTTC GAGGAGAAGGCGCGTTAATACTCCATGTAAATAGCAAATAACC

48 ehv271 CCAGGGACCAGCAATGCAGAACATCTCAAATAATCTCCTTGATAC GAGGAGAAGGCGCGTTAAAATCCACCCCCACCCCCAC
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49 ehv028 putative lipase CCAGGGACCAGCAATGTTTTTCATTATAACGGCAATAACG GAGGAGAAGGCGCGTTATAGTAACATGCGTTTTGCATATTCC

50 ehv050 | putative serine palmitoyltransferase CCAGGGACCAGCAATGTACACGGCCGTATTCATATGTTTATG GAGGAGAAGGCGCGTTACTATGACAGATACTCAATCATAAACTTGAC

51 ehv131 CCAGGGACCAGCAATGGGCAAAAAGACGTCCAAACC GAGGAGAAGGCGCGTTATCACCATGTATCTCTTCTTACGATTATTG

52 ehv184 | putative DNA-binding protein CCAGGGACCAGCAATGGGGAAGCGTCTACGTC GAGGAGAAGGCGCGTTACGGACATACTTCACATGTAAAAATTG

53 ehv346 CCAGGGACCAGCAATGTTAGAAAATCTACCATTAACAATTGACC GAGGAGAAGGCGCGTTACATTAAAAGTGGGTGATTCTGACC

54 ehv401 putative ribonuclease CCAGGGACCAGCAATGAACCGTGATGAAGAACTTCTAAC GAGGAGAAGGCGCGTTATCATTGTGTAAACTTTTTAATTGGAGCATATG

55 ehv451 | putative protein kinase CCAGGGACCAGCAATGTCAACTAATTCATATGTATCACAAATAATC GAGGAGAAGGCGCGTTAACAAGTTCTTAATTTTGGATTAATACACAAC

56 ehv019 Protein kinase domain CCAGGGACCAGCAATGTTTGAAAATGCAGATATCGTATCG GAGGAGAAGGCGCGTTAATCTTTTGTTAACCGAGTAAGCAAC

57 ehv142 CCAGGGACCAGCAATGTCTGACACAAATGTTAAGCCATTATC GAGGAGAAGGCGCGTTACTATTCGGTCTTCATTAGATCTCTGAC

58 ehv294 CCAGGGACCAGCAATGGCTTTCGGCAAGATGGCAATTTC GAGGAGAAGGCGCGTTACTAAAAAGGAAGGGGAAGTTTCTTG

59 ehv348 | alkylated DNA repair protein CCAGGGACCAGCAATGGATTTCAAAGAAATGTTTGAAAACGAAC GAGGAGAAGGCGCGTTAAGTGTAATACGAACGTATTGTAAGG

60 ehv274 CCAGGGACCAGCAATGACCAGCTTTTACAATGTGTCATTCTG GAGGAGAAGGCGCGTTACGCTAGATAACCCCTAGCCAC

61 ehv034 CCAGGGACCAGCAATGAGTATCAAGGATCGCGTATTTG GAGGAGAAGGCGCGTTATCAAACACAGTCCTCAAAAACCTC

62 ehv072 | putative DNA-binding protein CCAGGGACCAGCAATGGATGCAGTTCCAATTACTCG GAGGAGAAGGCGCGTTAAAAACTACTTAATACAATTTTTGCATTTGG
putative ATP-dependent protease

63 ehv133 proteolytic subunit CCAGGGACCAGCAATGCTATATAAATCCAATGCGTATGTTTCTG GAGGAGAAGGCGCGTTACTAAAGGAGTTCAGTGGGGAGTAG

64 ehv189 CCAGGGACCAGCAATGTTTAGTGCAGCTCTCGGAG GAGGAGAAGGCGCGTTACTACATGTTTGCATACATGCCATC

65 ehv349 putative protease CCAGGGACCAGCAATGGAGTATACGCATAATAAATGTTTTATACC GAGGAGAAGGCGCGTTATCAATACTCTACACGAGCGGTG

66 ehv402 | putative protein kinase CCAGGGACCAGCAATGGGACGAACAAAAAAGCGTATTG GAGGAGAAGGCGCGTTACACAATGAAGAGTGGTTTGTAGTG

67 ehv453 putative mRNA capping enzyme CCAGGGACCAGCAATGTTGTCAGATTGTAAAACTGTATTATACAAC GAGGAGAAGGCGCGTTACTATTTCTTCCTAAACTCACGTATTTC

68 ehv024 CCAGGGACCAGCAATGACGGATCAAGTGGCAAAGAAAC GAGGAGAAGGCGCGTTACTATGGTTCAAACTTGGCCAATTCAC

69 ehv220 CCAGGGACCAGCAATGGGTGATCATAATGAAATAAATGTGC GAGGAGAAGGCGCGTTACTAATTTGCATCACATGGGCCATAC

70 ehv295 CCAGGGACCAGCAATGAACTCGGCTCAGGTTTCTTTTTATC GAGGAGAAGGCGCGTTACTAATTAAGACGGGGGTCGATAAAG

71 ehv218 CCAGGGACCAGCAATGGACGCGCATACAATGACATTC GAGGAGAAGGCGCGTTACTAATGAGAATTCGAATTATAAGCAAACTC

72 ehv279 CCAGGGACCAGCAATGGAAGCCACGAAACGCACCATC GAGGAGAAGGCGCGTTAATTAACATATTGATCAATAAAGTCATCTACCTG

73 ehv037 CCAGGGACCAGCAATGGCGTGTCTTGCGGAAAAGTC GAGGAGAAGGCGCGTTATCCAAACCTGTTCAATTCATATTGAG

74 ehv093 HNH endonuclease family protein CCAGGGACCAGCAATGTACAACTATCGGTCACGCCGTC GAGGAGAAGGCGCGTTAATAATAATAAAATTCCTTATATTCATCCAC
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75 ehv136 putative nucleic acid-binding protein CCAGGGACCAGCAATGTCTCAGTCGCATCTTCCTG GAGGAGAAGGCGCGTTATCACAGACTAACCGTTGTTGTATTC

76 ehv230 putative endonuclease CCAGGGACCAGCAATGACAAGGATAAATGTAGTACCAACTAC GAGGAGAAGGCGCGTTAATTATTAAGTCTGTCAGTAATTCTAGCTC
DNA or RNA helicases of superfamily

77 ehv356 1l CCAGGGACCAGCAATGCCAAATAGAATTTATAGACTGTATTTG GAGGAGAAGGCGCGTTACTATGAAATGCCAAGATAATGTGCAATG

78 ehv430 putative helicase CCAGGGACCAGCAATGTTTCTCCAAGAATATCATTCCGAAC GAGGAGAAGGCGCGTTACTATTCTAGTTTTTGGCGTTTATTAGAAAC

79 ehv455 putative sialidase CCAGGGACCAGCAATGATGACAGGTGTACTATACTTGTTTTATG GAGGAGAAGGCGCGTTACTAGTTTAGTTTATATAGTACAATGTCTGTAG
Superfamily I| DNA/RNA helicases,

80 ehv058 SNF2 family CCAGGGACCAGCAATGGACCCGGTTACCGATACTG GAGGAGAAGGCGCGTTACTATACTGCATACTCACTATAATGATTTTTAAC

81 ehv302 CCAGGGACCAGCAATGGCTGCCATTATGAAGAAAACCAC GAGGAGAAGGCGCGTTAAACACTCATGTGTCCAGTGTAATAATAC

82 ehv296 CCAGGGACCAGCAATGGCCGCCTCGACCCAGATG GAGGAGAAGGCGCGTTATCAAACGCGGTCATACGGATAATCGAG

83 ehv219 CCAGGGACCAGCAATGGTTAAAAAGATTGCAAAACAAGTGAAG GAGGAGAAGGCGCGTTATCACATCACATTATAGCTAACTAATATGTTG

84 ehv280 CCAGGGACCAGCAATGCCAGCCATCGCAAAGAACCAAAAG GAGGAGAAGGCGCGTTAACAGATACCCCATCCCCCCGCAG

85 ehv038 CCAGGGACCAGCAATGGCGTGTGCAGTACAATACAATTTAATTG GAGGAGAAGGCGCGTTATCAAACAACCGGTTTATTTGCCGCTC

86 ehv101 putative hydrolase CCAGGGACCAGCAATGGTATATGAAGCGATTGATGATACTC GAGGAGAAGGCGCGTTAAATTGACATATCAGATTTGGATAATTGTTTC

87 ehvl51 putative serine protease CCAGGGACCAGCAATGTTGTTGTTACTTGTTAAGTGTATGTATG GAGGAGAAGGCGCGTTATCATGCAGCTAAATTACGATTCC

88 ehv301 CCAGGGACCAGCAATGGAAAACAATCTAAGAGAGTTTATTGTTG GAGGAGAAGGCGCGTTACCCCATTTCAGGAAAATAATATAGC

89 ehv357 CCAGGGACCAGCAATGGCAAACTTTAATAATGACAATGCATATG GAGGAGAAGGCGCGTTACTATTTGGCATTAAGTTTTGCTTCG

90 ehv431 putative thymidylate kinase CCAGGGACCAGCAATGTACAGCACCCCATACAAATCC GAGGAGAAGGCGCGTTATCACATGTGCTTATTCACAAACTTATCAG

91 ehv461 CCAGGGACCAGCAATGTCAGTTTCAAGTAATATTGCCGGGCGTAG GAGGAGAAGGCGCGTTAGTTATAACATGTATCTACCTTGGAATTTTTCG

92 ehv084 CCAGGGACCAGCAATGCAGACCAATCACGAAAATGTTATG GAGGAGAAGGCGCGTTAGTTTGAATATAACTTTAAAAACATATCACGAG

93 ehv322 CCAGGGACCAGCAATGGCCAGCCAATCGGTTCC GAGGAGAAGGCGCGTTACTACGACATTCCATATCCGACAGTG

94 ehv297 CCAGGGACCAGCAATGACCACCGCATCGAACATGAAC GAGGAGAAGGCGCGTTACTCCTGGGAGATTGCAATCTCATC

95 ehv161 CCAGGGACCAGCAATGAAATTTACATCTATACTCGCATACAC GAGGAGAAGGCGCGTTACTATATGATTTTGGAAATGTATCTTGC

96 ehv289 CCAGGGACCAGCAATGCCTGCCATGAAGCGCACG GAGGAGAAGGCGCGTTACTACAACGCCGCCGAATTTGACG
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2.3.2.1. General PCR protocol

All PCR reactions in this study were conducted in a VWR JENCONS Uno Thermal
Cycler in 25 pL final volume reactions (unless otherwise stated). PCR reactions were
set as follows: 1 pL of virus lysate template (or ~50 ngf pf.extracted DNA) was
mixed with 5uL of 1 x PCR reaction buffer (Promega), 15 of 25 mM MgCh, 0.1

uL of Tag DNA polymerase (Promega),u2. of 10 uM of each primer (Table 2.4),

1.25 uL of 2 mM dNTPs and DNA-free molecular biology grade water (Sigma-

Aldrich). Cycle conditions are described in Chapter 4.2.3 and Chapter 5.2.4.

2.3.2.1.1. PCR of four coccolithoviruses

The PCR reactions for four newly isolated coccolithoviruses were conducted in 96
well plates in final reaction volumes of 50 pL that consisted of 1 puL of template
DNA, 0.5 pL forward and reverse primers (20 uM concentrations, Table 2.5), 5 pL
MgCl,, 6 uL dNTPs, 10 puL PCR buffer, and the rest 25.6 pkQdHCycle conditions

are described in Chapter 6.2.7.

2.3.3. Agarose gel electrophoresis

The extracted DNA from the environmental samples in Chapter 5 was assessed using
a NanoDrop2000 (Thermo Scientific) in order to quantify and qualify the total DNA
concentration before the molecular fingerprint analysis study. Amplified DNA gene
fragments of the two coccolithoviruses used in the fight club experiment in Chapter 4,
from each PCR step in Chapter 5, and amplified DNA of gene fragments of four new
coccolithoviruses in Chapter 6 were also assessed by agarose gel electrophoresis. For
this ultrapure agarose at a concentration of 1% was dissolved in either 20 or 150 mL

of 1 x TAE buffer by heating to boiling point in a microwave and allowed to cool
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down for 1-2 min. Ethidium Bromide (EtBr, Sigma) at a final concentration of 0.01 %
was added and the solution was then poured into a gel tray to solidify at room
temperature for 30 min. A 100 bp ladder (Promega) was used in all the gels as a
marker. Agarose gels with a volume of 20 mL were run for 30 min and gels with a
volume of 150 mL were run for 1 h, both at 100 V, and then visualised on a UV

transilluminator (Syngene GeneGenius) and photographed with a GeneSnap system.

2.3.4. DNA fragment sequencing

All DNA fragment sequencing in Chapter 5 was conducted by the LGC Genomics
sequencing centre in the UK (www.lgcgenomics.com) using the LifeTech (former
Applied Biosystems) BigDye version 3.1 sequencing mix. After purification of the

sequencing reactions from unincorporated terminators by gel filtration (Cé&htri

96, EMP biotech Berlin) the samples were run on a ABI 3730 XL instrument using

POP7 polymer and standard run conditions for up to 1,000 nt read length.

2.3.5. Virus total genomic DNA extraction for full genome sequencing

2.3.5.1 Primary lysate generation for full genome sequencing

Emiliania huxleyi strain CCMP 2090 was grown in 1 L cultures (f/2 nutrient media) in
the laboratory under a light/dark cycle of 16/8 h respectively, at a temperature of
16°C. Once the cultures reached mid exponential growth (i.e. ~4 mid), they

were infectedwith lysate stocks of the following virus strains: EhV-84, EhV-88,
EhV-201, EhV-202, EhV-203, EhV-207, and EhV-208, at an M.O.I. of 1:1. Infection,
host death and viral production were confirmed by AFC and visual loss in coloration
and pigmentation of the infected cultures. Fresh virus lysates were produced by

filtering the 1 L lysed cultures through 0.2 um pore 47 mm diameter Durapore filters
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(Millipore). The same procedure was applied on the four newly isolated

coccolithoviruses described in Chapter 6.

2.3.5.2. Coccolithovirus lysate concentration by PEG precipitation and
purification by caesium chloride gradient

Viruses were concentrated by polyethylene glycol (PEG) precipitation, subjected to a
caesium chloride (CsCl) gradient and the DNA from this gradient was then extracted
as described by Allen et al. (2008). Briefly, to each 1 L filtered lysate were added 58.4
g Sodium Chloride (NaCl) and these were gently dissolved with the aid of a magnetic
stirrer. The solutions were then left to stand on ice for at least 1 h before being
centrifuged for 15 min at 5,000 x g. The supernatant was retained and PEG 6000
(Fisher-Scientific, Leicester, UK) was added to the supernatant of each solution at a
final concentration of 10 %, allowed to dissolve, and then incubated at 4°C over night.
The solutions were then centrifuged at 6,000 g for 25 min at 4°C, the supernatant
discarded and the tubes containing the pellet left to dry upside down for 15 min at
room temperature. Subsequently, the virus pellets were resuspended in 12 mL of 1 x

PBS buffer.

The virus particles of each virus strain were then purified by a CsCl gradient
centrifugation. For this, the resulting 12 mL PEG concentrates were subdivided into 4
x 3 mL sub-concentrate samples. The 3 mL sub-samples were individually placed in
15 mL Falcon tubes to which CsCl was added in the following amounts: 0.03 g,
0.40095 g, 1.2375 g, and 2.04675 g. The tubes were mixed gently until the CsCl was
dissolved, and starting with the densest concentration carefully layered into an

ultraclear Beckman ultracentrifugation tube; i.e. each 3 mL layer corresponding to a
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final volume of 1.0 g mt, 1.1 mL?, 1.3 g mLY, and 1.4 g mt:. The tubes with the
layered gradients were then centrifuged at 25,000 rpm for 3 h at 15°C and the
resulting purified virus (represented by a visible white band in the middle of the
centrifuged gradient tubes) was extracted with a syringe and subjected to a genomic

DNA extraction.

2.3.5.3. Genomic DNA extraction from purified coccolithovirus concentrates

The purified coccolithovirus concentrates from the CsCI gradient were subjected to a
phenol/chloroform genomic DNA extraction procedure. 0.5 mL of concentrated and
purified virus lysates were placed into sterile tubes in a heating block at 90°C for 1
min and then transferred onto ice for a further minute, repeating this three times. Then
to the tubes containing the concentrates were added 20 pL 0.5 M EDTA pH 8.0 at a
final concentration of 20 mM, 5 pL proteinase K at a final concentration of 50 f1g mL

! and 25 pL of 10% SDS at a final concentration of 0.5%, and incubated in a water
bath for 1 h at 65°C. After the incubation the tubes were transferred onto ice and
gently mixed with 60 pL of phenol. Then 500 pL of chloroform/isoamyl alcohol
(24:1) was added to the tubes, mixed gently, after which they were centrifuged at
10,000 rpm for 5 min. After removing the top phase into a clean Eppendorf microfuge
tube and adding 500 pL of 7.5 M ammonium acetate, they were left at room
temperature for 30 min. A centrifugation step at 10,000 rpm for 15 min followed after
which the supernatants were placed into a clean 2 mL Eppendorf tube. To these tubes
1 mL of 100% ethanol (ETOH) was added, leaving them to precipitate for 3 h at 4°C,
and then centrifuging them at 13,000 rpm for 30 min after which the supernatants
were removed and discarded. Finally, the pellets were washed by centrifugation for 10

min with 500 pL of 70% ETOH and air dried over night. The genomic DNA pellets
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were resuspended in 50 pL of TE buffer, quantified by spectrophotometer (i.e.

NanoDrop) and a 1% agarose gel electrophoresis prior to being sent for sequencing.

2.3.6. DNA extraction from environmental and experimental samples

The 0.2 um filters (Millipore membrane filtersgllulose acetate/ cellulose nitrpte
collected during the AMT-20 cruise (Chapter 5) and the samples that originated from
the sampling of the L4 time series in the English Channel were subjected to a total
DNA phenol/chloroform extraction procedure. Each filter (i.e. sample) was halved, so
that half could be snap frozen at -80°C for future analysis if necessary. The remaining
filters were placed on Petri dishes, cut further into smaller easily dissolvable pieces
and then placed into 2 mL Eppendorf tubes. Each tube was vortexed with 300 pL of
GTE buffer, 100 pL of lysozyme§ mg mLY) and 100 pL of 0.5 M EDTA pH8. After
incubating at room temperature on an Agilent bioanalyser chip-shaker at 1000 rpm for
1.5 h, the tubes were incubated for further 10 min with an added 200 pL of 10% SDS
(w/v). They were then vortexed with 500 pL of phenol and centrifuged for 10 min at
13,000 rpm in order to separate the top aqueous layer from the bottom phenol layer.
The top layers (~500 pL) were transferred to clean 2 mL Eppendorf tubes containing
500 pL of 24:1 chloroform/isoamyl alcohol. These were inverted gently and
centrifuged at 13,000 rpm for 10 min. After transferring the top layer again into clean
2 mL Eppendorf tubes they were incubated for 30 min at room temperature with
added 350 pL of 7.5 M NHacetate, and then centrifuged at 13,000 rpm for 15 min.
The supernatant was then removed into new 2 mL Eppendorf tubes and the DNA
precipitated as described previously in this chapter (Section 2.3.5.3). The
phenol/chloroform part of the described procedure was also applied on the samples

generated during the virus fight club experiment in Chapter 4.
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2.4. BIOINFORMATICS

2.4.1. Sequence alignments of environmental sequences

The alignment and phylogenetic reconstruction of sequences from NCBI and the
newly received sequences from the sequencing centre were aligned using the MEGA4
(Version 4.0.2) multiple sequence alignment software. Primers sequences were
deleted and the fragments made the same length in order to decrease bias that can

arise from potential gaps and sequences with different lengths.

2.4.2. Whole genome alignment

Whole genome alignment of the genomes sequences of EhV-84, EhV-86, EhV-88,
EhV-201, EhV-202, EhV-203, EhV-207, EhV-208 and EhV-99B1 was performed by
uploading the FASTA file of each into the multiple genome alignment software-
MAUVE (version 2.3.1). Before the upload of the files each contig in each FASTA
file was blasted against the complete genome of EhV-86 and its position on the EhV-
86 backbone visualised by the Artemis Comparison Tool software. Then the contigs
were reordered in the correct order manually and reassembled into a new correctly

orientated FASTA sequence file.

2.4.3. Genome comparison and general statistics

The GenBank files of each fully sequenced viral genome together with the GenBank
files of the sequenced genomes of EhV-86 and EhV-99B1 were uploaded into the
IMG/ER analysis platform for additional annotation, gene prediction, comparison and
general statistic information. The platform was used in order to detect single gene
homology among the genomes, predicted COGs (Clusters of Orthologous Gropus of

proteins), candidate enzyme predictions and internal BLASTn and BLASTp analysis.
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3. COCCOLITHOVIRUSES: GENOMIC THIEVES AND
METABOLIC THUGS- A GENOME COMPARISON

3.1. INTRODUCTION

Viruses catalyse the biologically driven processes of nutrient cycling between trophic
levels (Suttle, 2005) and their relentless activity is essential for life on Earth. All
living biological entities are susceptible to virus infection, including the oceanic
microalgae which play a fundamental and crucial role in global primary productivity.
It is perhaps ironic that the cellular destruction mediated by virus infection can often
be made more efficient through the acquisition, modification and utilisation of genetic
machinery which has often been stolen from a relative of the cell currently under
attack (Moreau et al., 2010; Monier et al., 2011). Indeed, by arming themselves with
the greatest pool of genetic diversity on the planet, virus mediated horizontal gene
transfer (HGT) has had and continues to have a profound impact on the evolution of

life.

To date, despite the advent of culture independent high throughput sequencing
approaches and techniques, the invisible abundance and the genetic diversity of the
estimated 1¥ viruses present in our oceans has remained fundamentally unexplored.
This is largely due to: A) the difficulty of applying total DNA sequencing approaches
such as metagenomics on entire virus communities where there is not a single gene
common to all viruses (as opposed to bacteria and archaea) and B) due to a holistic
approach that has been undertaken by some researchers that over simplifies
environmental microbial genetics, their diversity and possibly their phenotypic

characteristics. Many studies today rely heavily on computer models in which
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researchers over simplify biological systems by the input of several confounding
parameters in to a model that aims at mimicking the natural environment or a real
biological system and its interaction with other biotic and abiotic factors alike. In the
case of marine viruses, unfortunately, many studies lack a complete understanding of
virus-host dynamics, and fail to grasp that specific groups of viruses, can act and
interact with their hosts differently depending on their genomic potential and the
conditions to which they and their hosts are exposed to, something that can be

revealed only by single genome analysis and comparison.

Hence, in order to gain a true understanding of marine viruses, and more importantly
their role in the oceans, researchers need to go back to the basics and undertake a
reductionist approach, where a single component (or in this case a single group of
viruses) within a marine system is used as an experimental model. In simple terms one
cannot understand how a watch works without going into the detailed mechanics of its
structure, and furthermore one will not be able to explain why some watches are better
than others just by looking at them and stating that they are different. In this chapter
an attempt is made to undertake a reductionist approach towards the study of marine
viruses, by near completely sequencing the genomes of seven previously unstudied
coccolithoviruses, their comparison to previously sequenced strains (i.e. EhV-86 and
EhV-99B1), and the analysis of possible HGT events with their algal host. Due to the
lack of available genomic data on the host strain Emiliania huxleyi CCMP 2090, for
the comparative part of this study, a different strain was used for which a preliminary
genome sequence was available; i.e. Emilianiagyu)ICMP 1516. These two strains

are believed to be the same, with 2090 being “naked” (i.e. no coccoliths) and 1516

being calcified (personal communications with Dr. Mike Allen).
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3.1.1. Genome comparison: the power of bioinformatics

It is now possible with the aid of next generation genome sequencing technologies,
user friendly advanced computational tools, and relatively simple algorithms, to study
microorganisms on a genetic level and compare the predicted function of specific
genes and their translated protein sequences to actual functions observed both in the
laboratory and in the field. The development of these tools for the broader community
has allowed access for researchers that are not experts in a programming language.
Astonishingly, what 30 years ago was only realistically achievable during an entire
PhD project (for instance the sequencing of several hundred nucleotide base pairs) can
now be done in several weeks or even days (the output of which is several hundred
Gigabytes of data). Often (depending on the available funds), the genetic sequence of
an organism (or in this study a virus) comes to the researcher in a form that is easy to
work with. The assembly of the genome and the preliminary annotation is performed
by the sequencing centre and all that is left for the researcher working with the
genome is to determine the quality of the sequence, its correct orientation and
annotation, detect potential errors in the sequence or/and the predicted functions of the
genes. This can now be easily achieved by uploading the information provided by the
sequencing centre to one of the online genome analysis platforms (i.e. MGRAST for
metagenomes and IMG/ER for bacterial and viral genomes) and investigate manually
for errors by using one of the following freely available softwares: Artemis, Artemis
Comparison Tool (ACT), and MAUVE. These platforms can provide additional
annotation of predicted genes, allowing the researcher to detect potential errors,
amend these if necessary, and find predicted functions and potential homologs in other

sequenced genomes in the public domain.
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Such a comparative approach is undertaken nowdays on a routine basis when
virologists seek to uncover the mysteries of virus genomes and unravel the differences
between virus strains from distinct ecological niches. While the comparison of the
sequenced genomes of EhV-86 and its counterparts EhV-163 (Allen et al., 2006b) and
EhV-99B1 (Pagarete et al., 2013) revealed the degree of genomic similarities that
exist between these three coccolithovirus strains, genomic differences were also
unveiled; i.e. the gene coding for phosphate permease and the type and number of
tRNA genes. Elsewhere, a comparative analysis of Prochlorococcus bacteriophages
(podoviruses and myoviruses) revealed that they share a number of core genes with
T4 and T7 bacteriophages (Sullivan et al.,, 2005), a possible indication of their
evolutionaryco-ancestry. Moreover, cyanobacterial genes, such as the photosynthetic
genes psbA and hliP (which help maintaining the photosynthesis during infection) and
the talC gene (which facilitate during infection alternative routes for carbon
metabolism), were also found in the genome of these bacteriophages, further
indicating the importance of comparative genomics and the discovery of new HGT

pathways with ecological significance.

The sequencing/computational approach of several model systems as described here is
essential in modern microbiology, molecular biology and biological oceanography. It
helps in our understanding of the evolution of viruses, their changes and adaptations in
the course of history, the possible implications of environmental conditions on these
viruses and their local specific adaptations (through the analysis of lost or gained
genes), their co-evolutionary arms race with their hosts, and the significance of their
genomic potential on their infection dynamics with their hosts and as a consequence

the effect on biogeochemical and carbon cycling in the marine environment. It is only
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through a comparative approach that one can determine functional differences
between two or more laboratory model virus strains and enable the design of an
accurate experimental approach with for instance new molecular markers, increasing
the coverage and the success of a study. Finally, such an approach enables to test
hypothesis derived from the genomic potential of viruses in the laboratory and

extrapolate this into field studies and experiments.

3.1.2. The Marine Microbial Initiative

The Gordon & Betty Moore Foundation's Marine Microbiology Initiative (MMI) aims

to generate new knowledge about the composition, function, and ecological role of
the microbial communities that serve as the basis of the ocean's food webs and that
facilitate the flow of nitrogen, carbon, and energy in the ocean
(http://www.moore.org/marine-micro.aspx). In an effort to understand the ecology
and evolution of marine viruses and to explore the diversity and ecological roles of
bacteriophage and algal virus communities in particular, the Broad Institute (Harvard
and MIT research institute in the USA) collaborated with MMI and researchers whose
sequencing nominations were chosen by the Marine Phage, Virus, and Virome
Selection Committee. During the propagation of the research conducted during this
PhD the opportunity to be part of this initiative presented itself and it was decided to
attempt to sequence EhVs from the PML virus collection. The basis for the selection
for sequencing of the new EhV strains was the current consensus of their global
importance in the demise of E. huxleyi blooms (Bratbak et al., 1995; Wilson et al.,
2002), the horizontal gene transfer events observed in previously sequenced EhVs
(Monier et al., 2009; Pagarete et al., 20089¢, metabolic potential displayed by their

large genome size (Wilson et al., 2005, 2009) and their manipulation of signaling
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pathways such as programmed cell death in their host organism (Bidle et al., 2007,

2011; Vardi et al., 2009, 2012).

Here, a complete genome classification and a set of features for the following strains:
EhV-84, EhV-88, EhV-201, EhV-202, EhV-203, EhV-207 , EhV-208 and EhV-99B1
are presented. The reconstruction of these virus genomes based on the EhV-86
reference genome is described and the similarities and the differences of these
genomes to themselves and others in the database are illustrated. The aim of this
chapter is to provide a new genomic insight into these viruses, and unveil the scope of
HGT between them and their hosts, with the hope to increase the current knowledge

of their evolution and functional potential in the wdsldceans.
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3.2. MATERIALS AND METHODS

3.2.1. Virus maintenance

A continuous batch of fresh viral lysate was prepared every three to six months for
each EhV in the PML culture library in order to ensure that the viruses were kept fresh
at all times with a high amount of infective virions within them (Details in Section

2.1.5).

3.2.2. Coccolithovirus strains for sequencing

The genomes of the coccolithovirus strains: EhV-84 (JF974290), EhV-88 (JF974310),
EhV-201 (JF974311), EhV-202 (HQ634145), EhV-203 (JF974291), EhV-207
(JF974317) and EhV-208 (JF974318) are deposited in Genbank. Two other previously
studied strains, EhV-86 (AJ890364) and EhV-99B1 (FN42P@#se included here

for the comparative analysis. The newly sequenced strains were kept in culture at the

PML virus collection from the time of isolation.

3.2.3. Virus concentration, DNA isolation and extraction for sequencing
Prior to their sequencing the viruses were concentrated by PEG precipitation,
subjected to a CsCl gradient and their DNA extracted, as previously described in

Section 2.3.5.

3.2.4. Genome sequencing, assembly and annotation
The genomes of strains: EhV-84, EhV-88, EhV-201, EhV-202, EhV-203, EhV-207
and EhV-208 were sequenced using the 454 FLX pyrosequencing technology platform

(Roche/454, Branford, CT, USA) by the Broad Institute in the US. Library
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construction and sequencing were performed as previously described (Henn et al.,
2010). General protocols for library construction can be found at:
www.broadinstitute.org/annotation/viral/Phage/Protocols.html.

Sequencing statistics can be seen in Table 3.2.

De novo genome assembly of resulting reads was performed using the Newbler v2.3
assembly software package and genes were identified using the Broad Institute’s
Automated Phage Annotation Protocol as previously described (Henn et al., 2010). In
short, evidence based and ab initio gene prediction algorithms where used to identify
putative genes followed by construction of a consensus gene model using rules-based
evidence approach. Gene models where manually checked for errors such as in-frame
stops, very short proteins, splits, and merges. Additional gene prediction analysis and
functional annotation was performed manually on the Artemis software and within the

Integrated Microbial GenomesExpert Review platform (Markowitz et al., 2009).

3.2.5. Whole genome reconstruction and alignment

The annotated EhV genomes were used for whole genome alignments. The Artemis
Comparison Tool (ACT) was used for BLASTn pairwise alignment and visualisation

of the full genome sequences (Carver et al., 2005). MAUVE 2.0, a program designed
for the identification of conserved genomic DNA regions, their presence and/or
rearrangement was used in order to observe the variable regions in each genome
(Darling et al., 2010). Once contigs were identified they were manually converted and
placed at their appropriate location on the genome based on the backbone of the

sequenced genome of EhV-86.
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3.2.6. Transmission Electron Microscopy (TEM)

Viral particles of each EhV were purified from the lysate of E. huxleyi strain CCMP
2090. Each EhV strain was concentrated using a CsCl gradient (Chapter 2, Allen et
al., 2008). The samples were then fixed for 15 minutes using 50:50 (v/v) Trumps
fixative pH 7.2, for 4 hours at room temperature and stored at 4°C and washed with
sterile distilled water. Samples were then negatively stained and prepared for imaging
with transmission electron microscopy following the protocol Ankermann and
Heldal (2010) using Cu-grids (200 mesh) supported with carbon coated formvar film.
Observations of viral particles were performed on the JSM2011 Fas TEM (JOEL UK)
electron microscope with an UltraScan 1000 camera (GATAN UK) for imaging. The
TEM imaging part of this study was done in collaboration with Dr. Charlotte Worthy
at the Rothamstead Research institute in the UK. The author prepared all EhV samples

ready for imaging at Rothamsted Research by Dr. Worthy.
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3.3. RESULTS

3.3.1. Morphology and virion structure

Transmission Electron Microscopy (TEM) was used to assess the particle sizes and
visible morphological features of nine EhVs (Figure 3.1). The coccolithoviruses
imaged here show that the coccolithovirus particle sizes are in the range of 180-205
nm in diameter. All the EhVs contained an electron dense region at their core (DNA)
surrounded by an icosahderal capsid and external lipid envelope, in addition to the
presence of an internal lipid bi-layer membrane within their glycoprotein shell (Figure

3.1).

7 EhV-88

00 0m
— &

100 nm

Fig. 3.1. Transmissiorelectron micrograph of the nine coccolithophore virions compared isttdy
with a scale of 50-100 nm. * There are currently no images availalla\6f99B1 but due to its close
resemblance to EhV-163 (Dr. Mike Allen and Dr. Charlotte Worthy, pa@tscommunications) an
image of the latter is shown.
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The general morphological characteristics of EhV-86 have been previously reported
(Castberg et al.. 2002; Dunigan et al., 2006; Wilson et al., 2009) and remarked to be
similar to the morphology of the PBCV-1 within the Phycodnaviridae family (a
dsDNA virus infecting Chlorella sp.), hence in this respect all EhVs in this study are
also structurally similar to PBCV-1. The most evident morphological difference
between EhVs and others in the Phycodnaviridae family such as PBCV-1 is that the

coccolithoviruses are enveloped, whereas PBCV-1 is not.

3.3.2. Genomic analysis

3.3.2.1. Sequencing statistics

The finishing quality of the sequenced genomes by tioadBInstitute in the US were

all higher than 99% and the number of contigs to be analysed and reordered based on
the EhV-86 backbone genome ranged from 7-17. These contigs were at different

lengths, a summary can be seenatd 3.1.

Table 3.1.Sequencing statistics of seven newly sequenced coccolithoviruses, as riroeivia:
sequencing centre in the US.

i o o ~ o]

< 0 o o o o o

N Y o ) ) ) )

> > > > > > >

- - - - N - = N -

w w w w w w w
Finishing quality >99% | >99% | >99% | >99% | >99% | >99% | >99%

Number of contigs 9 8 7 12 7 16 17
Average contig size (bp) 43980 | 49575 | 58100 | 33868 | 57131 | 26274 | 24083
Largest contig size (bp) 97445 | 128083 | 125476 | 137441 | 142770| 139159 | 85876

Assembly size (using large | 395820 | 396598 | 406701 | 406416 | 399920 | 420391 | 409403
contigs)
Assembly coverage ("peak| 36.16 | 67.13 | 79.38 | 35.67 | 41.89 | 33.72 | 84.39

depth")
Total number of reads used| 28526 | 74782 | 78268 | 31250 | 71325 | 33894 | 85422
Sequencing platform 454 454 454 454 454 454 454
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3.3.2.2. DNA pol, MCP and COGs phylogeny

Maximum likelihood phylogenetic analysis of available DNA polymerase gene
sequences (DNA pol), one of the viral kingdom’s phylogenetic markers (equivalent to

16S rRNA sequences in bacteria) indicated that the English Channel straineatluste
separately from the Norwegian strains, with the exception of EhV-202 that seemed to
be the most different (Figure 3.2). In addition, amongst the English Channel strains
there seemed to be sub-clustering between strains isolated in 1999 and those isolated
in 2001. Other algal viruses such as Paramecium bursaria chlorella virus (PBCV-1),
Micromonas pusilla viruSP1(MpV-SP1), Chrysochromulina brevifilum virus PW1
(CbV-PW1), Ectocarpus siliculosus virus 1 (EsV-1), Heterosigma akashiwo virus 01

(HaVv-01) are included here as an additional reference and they cluster outside the

EhV Genus.
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Fig. 3.2. Multiple Sequence Alignment of the DNA pol (DNA polymerase) gene of ten
coccolithoviruses (EhVs) and five other algal viruses. A- EhVs isolated freriniglish Channel in
1999, B- EhVs isolated from a Norwegian Fjord in 1999 and 2860,C- EhVs isolated from the
English Channel in 2001. The evolutionary history was infemstdg the Neighbour-Joining method.
The bootstrap consensus tree inferred from 1000 replicates is takeresergpghe evolutionary history
of the taxa analysed. The percentage of replicate trees in which to@tesbtaxa clustered together i
the bootstrap test (1000 replicates) are shown next to the branches rehesr ¢han 50%. The
evolutionary distances were computed using the Maximum Composite bigelimethod (and are in
the units of the number of base substitutions per site. All positianginmg gaps and missing data
were eliminated from the dataset (Complete deletion option) (Felsenstein, 1985;a8ditdai, 1987;
Tamura et al., 2004). Phylogenetic analyses were conducted in MEGA4rélatal., 2007).
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A 209 bp fragment of the MCP gene of EhV-99B1, EhV-84, EhV-86, EhV-88, EhV-
201, EhV-202, EhV-203 and EhV-207 were aligned with 34 recently discovered
“ancient” MCP sequences (Table Appl) that were recovered from sediments in the

Black Sea by Coolen et al. (2011). The DNA sequence alignment showed great
diversity, characterized by three sub-clustered groups of EhV MCPs (Figure 3.3). Two
“ancient” sequences clustered together with EhVs isolated in 2001 (Cluster C) and 14
“ancient” sequences clustered with EhVs isolated in 1999 (Clusters A+B).
Surprisingly there were also 18 “ancient” MCP sequences that sub-clustered
separately into a “new” cluster of EhVs, designated as cluster D. Unfortunately the

full genome sequencing of EhV-208 resulted in an incomplete MCP gene sequence,
due to the MCP gene sequence being at the end of a contig. The result of this was a
partial sequence of this gene and it was decided not to include this in the analysis and

construction of the phylogenetic tree seen below.

With regards to these two marker genes (i.e. MCP and DNA pol), the two were
different in their degree of conservation among strains. With the exception of EhV-
202 (due to its high degree of dissimilarity), on average DNA pol (ehv030) was more
conserved on the nucleotide level than the amino acid level, while MCP (ehv085) was
less conserved on the nucleotide level and more on the amino acid level. The average
% of identity for DNA pol among strains was 99.14 % (+0.69 SD) on the nucleotide
level and 98 % (x0 SD) on the amino acid level, whereas the average % of identity for
MCP was 96.28 % (+0.75 SD) on the nucleotide level and 100 % (O SD) on the
amino acid level. Finally, a genome cluster profile based on the predicted Clusters of
Orthologous Groups of proteins (COGs) within the IMG/ER platform (each COG is a

group of several proteins that are inferred to be orthologs or/and are direct
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evolutionary counterparts), confirmed the sub-clustering of the newly sequenced virus

strains to two distinct groups, with EhV-202 being the most distinct of them all

(Figure 3.4).
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Fig. 3.3.Neighbour joining treeof 42 different coccolithovirus MCP sequences (209 bp in length)
from three different geographical locations: MCP 1-33 and MCP_WBC ngeovered from sediments

in the Black Sea (data obtained from NCBI), EhV-99B1 was from a Npawejord, and Eh\84 -
EhV-207 were from the English Channel. TheDAgrouping is based on the similarity of their MCP
gene fragment. In yellow are boxed the EhV strains that are in culture, tweiedsin this thesis and
have their complete or near-complete genome sequenced and annotated.
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Fig. 3.4. Genome cluster profile based on the predicted Clusters of Orthologous Gfoppgeins
(COGs) of nine coccolithoviruses with the build in IMG/ER platform udirggRhyloXML algorithm.

3.3.2.3. Gene counts and genome size

Before further analysis was performed contigs of all strains were re-arranged based on
the EhV-86 assembled backbone and the genome reconstruction was performed
manually with the assistance of the Artemis Comparison Tool (ACT) software and
MAUVE (Carver et al.,, 2005; Darling et al., 2010). Then, the newly sequenced
genomes and the two reference genomes EhV-86 and EhV-99B1 were uploaded into
the IMG/ER online platform (Markowitz et al., 2009) for additional annotation,
analysis and comparison. In this comparison EhV-163 was excluded due to an
incomplete sequence of its genome (only 80% sequenced) and an already existing
report (Allen et al., 2006b). The near complete genome sequencing and the additional
IMG/ER platform analysis indicated that the genome length of the EhVs under study

ranged from 396,620-421,891 bp and that they had a GC content of 40.12- 40.49 %.
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The genomes contained 451- 488 coding sequences (CDSs) with an average of ~90
protein coding genes with functional prediction, including 3-6 tRNA genes. A set of

general features for the sequenced EhVs is presented in Table 3.2.

Table 3.2.General characteristics of the completely or near completely sequenced coccabtmtar
date.

Genes| Total CDS Coding Genes with tRNA GC (%)

Virus bases Bases function
prediction

EhV-86 478 407339 472 369157 90 5 40.18
EhV-99B1 | 451 376759 444 333400 90 6 40.04
EhV-84 486 396620 482 334463 85 4 40.17
EhV-88 480 397298 475 357803 90 5 40.18
EhV-201 457 407301 451 363714 89 6 40.46
EhV-202 488 407516 485 352215 93 3 40.30
EhV-203 470 400520 464 364178 91 6 40.12
EhV-207 479 421891 473 371313 93 6 40.49
EhV-208 461 411003 455 348386 90 6 40.42

All genomes appeared to be highly conserved in all reading frames (Figure 3.4 &
Figure 3.5) with a relatively high degree of homology. However from the genome
reconstruction it was also clear that all the viruses varied in a ~80,000 bp long section
located in the middle of each genome. This section was characterised by numerous
rearrangements, inversions, insertions, deletions and truncations (Figure 3.5 & Figure

3.6).
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3.3.3. Differences and similarities

3.3.3.1. Unique genes and homology to EhV-86

The majority of protein coding sequences were the same across the EhV gene pool,
with CDSs in some strains showing more than one hit to counterparts in the genome
of EhV-86 (Table App2). However there were some sequences or/and potential genes
that were unique to each genome with no homology to any of the other genomes
investigated (Table 3.3). In order to check for unique CDSs/predicted protein coding
genes the online IMG/ER platform with the BLASTp alignment algorithm was used.
In the setup of the alignment algorithm the cut-off point of the minimum % of identity

and the E value were changed to 10% ancespectively.

Table 3.3. Unique protein coding sequences of nine EhVs, based on the build-in BLASTmetig
algorithm of the phylogenetic profiler in the IMG/ER analysis platform.

E — (aN] ™ N~ [ee]
(2] < © [e0) o o o o o
@ XXy«
> > > > > > > > >
e e e e e ey e e e

cDS L w w w w w L L L

hypothetical proteins 5 27 3 2 1 54 3 7 6

putative endonuclease* 1

putative membrane proteins 3

putative transposase 1

pseudo genes 2 2 2 2 2

ADP ribose pyrophosphatase

LPS biosynthesis protein

Polyubiquitin

predicted protein- tyrosine

phosphatise 1

putative membrane proteins

zinc finger protein

Total 10 27 3 4 3 58 6 9 8

*similar to ehvl1l7ain EhV-163.

EhV-99B1 encoded five hypothetical proteins, one putative endonuclease (435 bp,

144 aa) with 99.5 % identity to ehvll7a in EhV-163, three putative membrane
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proteins and one putative transposase (1923 bp, 640 aa) unique to its genome. In
contrast, EhV-86 had only three unique CDSs, all of which were hypothetical proteins
(ehv236, ehv290, and ehv343), whereas EhV-84 had 27 unique hypothetical proteins.
The EhV-88 genome had four unique genes, two of which encode hypothetical
proteins, and two were pseudo genes. EhV-201 had only one unique hypothetical
protein and two pseudo genes on its genome. EhV-203 encoded three unique
hypothetical proteins, two pseudo genes and one zinc finger protein (600 bp, 199 aa).
EhV-207 had seven unique hypothetical proteins and two pseudo genes; and EhV-208
had six unique hypothetical proteins and two pseudo genes encoded on their genomes.
By far the most different genome with the highest number of unique CDSs was the
genome of EhV-202. It encoded 54 unique hypothetical proteins, one ADP ribose
pyrophosphate (432 bp, 143 aa), one lipopolysacch#kig®) biosynthesis protein

(804 bp, 267 aa), one polyubiquitin (243 bp, 80 aa), and one predicted protein

encoding for tyrosine phosphatase (501 bp, 166 aa).

3.3.3.2. Virus encoded tRNAs
A set of predicted tRNAs is shown in Table 3.4. EhV-84 was predicted to encode four

tRNA genes (Arg, Asn, GIn and lle), whereas EhV-86 had five tRNAs (Arg, Asn, GIn,

lle and Leu). The lle tRNA of EhV-84 varied dramatically containing a 26 base intron
insertion (99 bases in EhV-84; 73 bases in EhV-86) (Figure Appl-E). EhV-88 was
predicted to encode five tRNA genes (Arg, Asn, GIn, lle and Lys) and had tlee sam
intron in its lle tRNA as observed in EhV-84. EhV-99B1 was predicted to encode six
tRNA genes (Arg, Asn, GIn, lle, Leu and Lys). EhV-201, EhV-203, EhV-207 and

EhV-208 were predicted to encode six tRNA genes (Arg, Asn GIn, Glu, Leu, and
Lys). Their tRNA Leu was 18 bp shorter than in EhV-86 (85 and 103 bp respectively)

and there was evidence of base deletion (Figure Appl-F). They were similar in only
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14% of their sequence. EhV-202 was predicted to encode three tRNA genes (Arg,
Asn and GIn). The tRNA Asn in EhV-202 was 15 bases longer than in EhV-86 (i.e. 89
and 74 bp respectively), due to an intron in the Asn tRNA of EhV-202 (Figure Appl-

B). ThetRNA GIn in EhV-202 resembled the GIn in EhV-86. It was 71 bp long as

opposed to 72 in EhV-86 and they shared a bp identity of only 78% (Figure App1-C).
Despite the variation in tRNA content and morphotypes there was no correlation
between the number of amino acid codon types in a particular genome and the

presence, absence or type of tRNAs found in each genome.

Table 3.4.Genes predicted to encode for tRNAs and their presena® @bsence in each sequenced
genome. “Essential” and “non essential” tRNAs as proposed in this study are highlighted in yellow and
green respectively.

i
om — (2] o™ N~ [ce]
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= e e < e e < = e
tRNA L L LL L LL L L L L
Arg + + + + + + + + +
Asn + + + + + + -+
GIn + + + + + + + +
Glu + + + -+
lle 4 e + A
Leu
Lys + + + + + +

3.3.3.3 Genes associated with sphingolipid biosynthesis

The sphingolipid biosynthesis pathway encoding genes: ehv031 (sterol desaturase),
ehv050 (serine palmitoyltransferase), ehv077 (transmembrane fatty acid elongation
protein) and ehv079 (lipid phosphate phosphatase) were all present in the newly
sequenced genomes. These genes varied only slightly from their homologues in the
EhV-86 genome. The % of nucleotide identity of ehv031 among strains (in
comparison with EhV-86) ranged from 8208 %, ehv050 ranged from 98100 %,
ehv077 ranged from 82100 %, and ehv079 ranged from-7800 %, with the genes
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in the genome of EhV-202 being the most different with the lowest % of identity. A
multiple sequence alignment of the SPT gene (ehv050) revealed that there were at
least three distinct versions of this gene among strains (Figure 3.7). The SPT sequence

of EhV-202 clustered outside these three groups.

Interestingly, the following CDSs: ENVG00245 (EhV-84), ehv329 (EhV-86),
EOVG00319 (EhV-88), EPVG00153 (EhV-201), EXVGO00143 (EhV-202),
ELVG00153 (EhV-203), EQVG00147 (EhV-207), ERVG00100 (EhV-208) and
ehv329 (EhV-99B1) were all predicted as a gene encoding an alkaline
phytoceramidase (aPHC) based on a Pfam hit (protein family domain 05875) with an
HMM (Hidden Markov Model) score of 27, an E value of °2and a percentage
alignment of 90.26. This protein family consists of several ceramidases, which are
enzymes involved in the regulation of cellular levels of ceramides, sphingoid bases,
and their phosphates. A multiple sequence alignment of both the nucleotide and the
amino acid sequences showed the sub-clustering of the gene into three groups with the

exception of EnV-202 which was again an outlier to the three groups (Figure 3.8).
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Fig. 3.7. Multiple sequence alignment of the serine palmitoyltransferase (SPT, ehvO50dpfgeme
coccolithoviruses (EhVs) from the English Channel (EC) and a Norwdjgiad (NW). * The English
Channel strain EhV-202 clusters outside these three groups. Theianary history was inferred
using the Neighbour-Joining method. The bootstrap consensusteeeed from 1000 replicates is
taken to represent the evolutionary history of the taxa analysed.erbentage of replicate trees in
which the associated taxa clustered together in the bootstrap test (1000 replieatbejvar next to the
branches when greater than 50%. The evolutionary distances were compaotedhesMaximum
Composite Likelihood method and are in the units of the numbbéasdé substitutions per site. All
positions containing gaps and missing data were eliminated from the {@msgtiete deletion option)
(Felsenstein, 1985; Saitou and Nei, 1987; Tamura et al., 2004). Phylogengtgearwere conducted
in MEGA4 (Tamura et al., 2007).
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Fig. 3.8. Multiple sequence alignment of the predicted alkaline phytoceramidase (aPHC) encoding
CDSs (804 bp) and their amino acid translation (267 aa).The evalgtibistory was inferred using

the Neighbour-Joining method. The bootstrap consensus tree infierm@d 000 replicates is taken to
represent the evolutionary history of the taxa analysed. The percentagdicdte trees in which the
associated taxa clustered together in the bootstrap test (1000 replicates) araestidvthe branches
when greater than 50%. The evolutionary distances were computed hsifdakimum Composite
Likelihood method and are in the units of the number of base stiostitper site. All positions
containing gaps and missing data were eliminated from the dataset (Comgittendeption)
(Felsenstein, 1985; Saitou and Nei, 1987; Tamura et al., 2004). Phylogeratises were conducted

in MEGA4 (Tamura et al., 2007).
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3.3.4. Homology to host genes

On average approximately 62 EhV protein coding sequences (or ~13% of the analyzed
genomes) had a degree of homology to counterparts in the sequenced host genome of
Emiliania huxleyi CCMP 1516. In most of the EhV genomes the gene with the highest
similarity to a homologue in E. huxleyi encoded for a phosphate permease. EhV-202
was an exception as it had a 242 bp (80 aa) long gene predicted to encode for
polyubiquitin with 96 % identity to a similar sequence in E. huxleyi CCMP 1516
(Table 3.5). A detailed description of the genes with predicted functions and their
identity to counterparts in E. huxleyi can be seen in Table App3-Appll. Nearly half of
these genes had no assigned function or were predicted as genes encoding for
hypothetical or membrane proteins and are therefore not shown in these tables. The
majority of genes with high identity across the coccolithovirus genomes were genes
encoding for deaminases, helicases, ribonucleoside-diphosphate reductases, and
Lectin C-type domain proteins.

Table 3.5. Summary of the total number of genes or protein coding sequencesafwdthvithout

function prediction) of nine sequenced coccolithoviruses that have horasloglexhibit a degree of

similarity to counterpart sequences in the draft genome of E. h@d@viP 1516. The analysis was
performed in the build in BLASTp algorithm of the IMG/ER platform.

Genome Total number W'g:e?jsiagged/ Highest % identity t_o homologues in

of homologues function E. huxleyi 1516

EhV-84 54 38 phosphate permease (86.4 %)

EhV-86 66 44 phosphate permease (84.6 %)

EhV-88 57 38 phosphate permease (86.4 %)

EhV-201 60 35 phosphate permease (86.4 %)

EhV-202 66 51 polyubiquitin (96.0 %)

EhV-203 65 36 phosphate permease (86.4 %)

EhV-207 62 36 phosphate permease (86.4 %)

EhV-208 64 36 phosphate permease (86.4 %)

EhV-99B1 63 44 ribonucleoside-diphosphate reductase (66.8%

Average: ~62 ~40
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3.3.5. Notable absences of genes in the sequenced viruses

53 out of 66 protein coding genes with function predictions in the genome of EhV-86
have been initially observed to be expressed during infection of E. huxleyi (Wilson et
al., 2005) and hence are believed to be important during infection. Eight of these
expressed genes proved to be absent in one or more strain of the newly sequenced
EhVs (Table 3.6). The endonuclease encoding gene ehv041 was only present in EhV-
99B1 and EhV-86. Like in the other sequenced Norwegian strain (i.e. EhV-163), EhV-
99B1 had the phosphate permease gene (ehv117) missing, and instead replaced by a
435 bp long fragment of that gene encoding a putative endonuclease. The DNA ligase
gene ehv158 was missing together with four other genes in the same locus from EhV-
84 and EhV-201. One of these other genes was ehv160 encoding a serine protease.
This gene was missing in EhV-201 and also in EhV-84. The gene ehv184 which
encodes a DNA binding protein was found only in EhV-86. A lectin protein encoded
by ehv346was absent in EnV-202, as was ehv363 (encoding an esterase). Outside of
EhV-86, the helicase encoded by ehv430 was only found in EhV-99B1, and was
replaced by two smaller hypothetical genes in EhV-84 and absent from the rest of the
genomes. Finally, a sialidase encoded by ehv455 was truncated in all the English
Channel strains isolated in 2001 and present only in the strains isolated in 1999.
Although an alignment of this truncation can be seen for only EhV-86 and EhV-208 in

Figure 3.9, the same applied for the other strains where this truncation had occurred.
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Table 3.6.The presence+) of homologous genes in the newly sequenced EhVs with a previousl
assigned and expressed function in BB84during a microarray infection experiment (Wilson et al.,
2005).

2 |y |s |8 |¥ |8 |5 |8
> - - R q q q a8
> |2 |2 |z |z |z |z |z
Function CDS G L w L L L w I
endonuclease ehv041 +
phosphate permease| ehv117* + + + + + + +
DNA ligase ehv158 + + + + +
serine protease ehv160 + + + + + +
DNA binding protein | ehv184
lectin protein ehv346 + + + + + + +
esterase ehv363* + + + + + + +
helicase ehv430 +
sialidase ehv455 + + +

* Expression of this gene was not confirmed during infection. dfukleyi by EhV-86 in the study by
Wilson et al. (2005) but later microarray studies have shown some lewgbradisation of this gene
(Allen et al., 2007) .

3.3.6. Inferences from proteomic analysis of the EhV-86 virion

Previously, a proteomic analysis (b-MS/MS) revealed that the virion of EhV-86

is composed of at least 28 proteins (Allen et al., 2008). Many of these now have an

assigned or a predicted function and the majority of their genes have one or more

homologues in the newly sequenced genomes in this study (Table 3.7). Out of these
28, ten were absent in one or more genomes (i.e. ehv015, ehv034, ehv036, ehv038,
ehv067, ehv100, ehv189, ehv191, ehv301, and ehv356), and six had more than one
homologue in many of the other genomes (i.e. ehv034, ehv035, ehv038, ehv060,

ehv189, and ehv191).
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Fig. 3.9. CLUSTALW alignment of the previously expressed ehv455 (sialidase) \r86hand its
homologue in the genome of EhV- 208 (ERVG00184). The 112bihg gene was truncated in all
EhVs isolated in 2001 and instead remains a 204 bp fragment of tleatTdentruncation is in a region
that is otherwise mostly conserved and does not show a great degveeability amongst the
genomes.
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Table 3.7.28 proteins previously identified in the virion of EhV-86, theimdtion, and the possible
number of homologues gene copies of each in the genomes of EW#W3®9B1, EhV-84, EhV-88,

EhV-201, EhV202, EhV-203, EhZ07and EhV-208, based on the BLASTp sequence alignment of

IMG/ER (max E value: 1e-05, min. percent identity: 40%).

Gene

Function

EhV-86

EhV-84

EhV-88

ehv015

putative membrane protein

ehv034

putative membrane protein

ehv035

similar to SMC2 protein

ehv036

HlyD family secretion protein

ehv038

putative membrane protein

ehv055

putative membrane protein

ehv060

lectin protein

ehv067

hypothetical protein

ehv085

major capsid protein

ehv100

predicted protein

ehv149

hypothetical protein

ehv168

hypothetical protein

ehvl75

Putative serine/threonine protein kinase

ehv182

diaminopomelate decarboxylase

ehv189

pol-like protein

ehv191

putative membrane protein

ehv195

putative membrane protein

ehv200

putative membrane protein

ehv250

GCNb5-related N-acetyltransferase

ehv301

NB-ARC domain containing protein

ehv325

envelope glycoprotein

ehv333

CRISPR-associated protein, Csel family

ehv340

putative fimbrial associated sortase-like prote

ehv356

DNA or RNA helicase of superfamily Il

ehv358

putative thioredoxin

ehv442

conserved hypothetical protein

ehv454

hemocyanin isoform |

ehv461

fatty acid/ phospholipid synthesis protein

PlR(RIRIRIRR|R|R|R|RRIN R R PR R R R R[N RN R NN -

RlIRRRRRRRRRRRINRPIRIRRIRR IR (RINdR|o|lo|vo|o|l ERnV-99B1

PRk Rr|lolR|r|R|O|R|R|R|O|O|R|R|RIRIRRR[R[R [N R NN -

e Y Y N Y N e Y Y N S T Y S Y Y e T Y T T e ST TN T NI Y

PlRrRrRrRrRr R R OIRRIRIWR|IRRIRP|RP|R[R|R WL RN R ENV-201

PlRrRIRrRRIRPrROIRIRIR|IROIR|RIR|R|O|R|O| M R|O|kr|NMd| O~ ENV-202

PlRrRrRrRRIRrROIRRIRIWR|IRRIRP|RP|R[R|R WL, R~ ENV-203

PlRrRIRRPRPIRROIRIRIPIWRIPRPIRPIRPRPRP|IR W RN N R | ERV-207

PlRrRPIRRPIRPIRPROIRIRIRIN PP PR P|RPP|R WP NN R ERV-208
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3.4. DISCUSSION

3.4.1. Structural characteristics and membrane protein composition: possible
implications

The structure and diameter range of all viruses in this study was similar (180-205 nm),
consistent with previous observations of members of this virus family (Dunigan et al.,
2006). However it was intriguing to determine that although the viruses looked the
same their genetic composition varied, including among genes that have been
implicated to encode for virion capsid and membrane proteins. The numerous
membrane proteins of the viral lipid layer, and the possible diversity in virion protein
composition among strains, as seen from the proteomic comparison in this study to
previous work conducted by Allen et al. (2008), suggests that the initial attachment

strategies of some strains might be different.

In their original work, Allen et al. (2008) identified 28 proteins associated with the
EhV-86 virion. These proteins are believed to be involved in the attachment and
fusion of the virus to the host cellular membrane, before being endocytosised in their
entirety into the cellular matrix, as well as in roles such as viral budding, the caspase
pathway, signaling, anti-oxidation, and host range determination (Allen et al., 2008).
In this study some of the genes that encode for these proteins had more than one
homologue (or copy) in the newly sequenced coccolithovirus genomes. Hence it is
possible that the amount of proteins associated with the virion membrane, their type
and subsequently their function may vary among strains and could play a crucial role
in determining the actual size of the virions (virion diameter range of 180-205 nm in
diameter) and as a consequence the surface area available for attachment and

adsorption into the host cell.
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Moreover, it has been hypothesized previously that once internalized, the EhV virion
is contained within a vacuole and is able to utilize internal microtubules to position
itself near to the endoplasmic reticulum and nucleus for un-coating and replication of
its DNA (Mackinder et al., 2009; Vardi et al., 2009; Kegel et al., 2010). It is possible
that virus membrane protein composition and the number of gene copies that encode
for different variations of these proteins are evolutionary adaptations that determine
the host range of different virus strains and their initial movement within the infected

host cell for transcriptionional initiation.

3.4.2. Evolution and classification

The genomic comparison of the closely related coccolithoviruses described here
clearly showed that full genome sequencing of a large humber of viruses, infecting the
same host organism, is essential for our understanding of how these viruses have
evolved and in revealing the genetic potential hidden in their gene pool. More
importantly, the findings here highlight again the imperative question of how we
classify a strain and at what point and degree of genomic and proteomic difference it
becomes a new species (that is if viruses were to be included in the species concept).
However, when the key genomic features are parallel among strains of the same
organism (or virus) and their placement on a genome is consistent one cannot argue
the concept of species, even in the case of EhV-202, in which the majority of the
genome was less than 90% similar to the rest of the EhV genomes analyzed in this
study. Large sections of repeats and shifts of entire clusters of genes around the
genome, as seen from the aligned genomes here suggest that this is a more difficult
task when dealing with viruses and that perhaps their evolution is more dynamic than

previously thought.
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Interestingly, both microarray data (Allen et al., 2007) and the genome analysis here
indicate that the strains isolated in 2001 have no homologues to the EhV-86 genes
ehv084 and ehv086. However the gene in between them- ehv085, which encodes for
the virus MCP is (of course) present in all of these strains. This suggests that at some
point in their evolutionary past a small genomic section (in this case comprising of
three genes) has been replaced (or inserted), and that at the same time the current
MCP gene present in these strains was acquired from another coccolithovirus,
possibly during a multiple virus strain co-infection scenario (Figure 3.10). Such rapid
and dynamic evolution, during which genes and entire clusters are lost or exchanged
between the array of virus strains in the natural environment (some of which probably
co-infect hosts at the same time) may be beneficial to them in the long term in keeping

with the p&e of host evolution and adaptation.

Possible Ancestor of EhV-202

ehv84
ehv82 ehv83 ehv84 ehv85 ehv86 | ehv87

ehv81 ehv82 ehv83 ehv85 ehv87 ehv88

EhV-202

Fig. 3.10. Theoretical representation of the possible replacement of a small sectionesfigethe
viruses isolated in 2001 (step 1 and 2) and the acquisition of an MC&iremgene (step 3 and 4) from
an ancestral EhV-86 like virus during a simultaneous co-infectiorrgpitation within an E. huxleyi
host.
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The phylogenetic analyses in this study clearly divide the coccolithoviruses into sub
clusters, whether through the investigation of genes used for phylogeny or the analysis
of functional genes. In fact one might conclude that in a sense, given that the genome
of EhV-202 was so different on both a DNA and on an amino acid level, and had the
highest amount of potentially unique protein coding sequences, is a strain with a more
distant common ancestor than the rest of the strains in this study. Furthermore, EhV-
202 may have a subtly different infection strategy to the rest. For instance, in phages
LPS encoding genes (also predicted in the genome of EhV-202) are believed to be
involved and used during infection in the establishment of prophage and the
alternation of the cell-surface composition of their infected host, thus inhibiting the
ability of other phages to attach to a potential host (Sullivan et al., 2005). If correct,
such a feature may aid EhV-202 during infection and make it advantageous over other
EhV strains. Other protein coding genes predicted to encode ADP ribose
pyrophosphatase, tyrosine phosphatase and polyubiquitin were also found in the
genome of EhV-202 and were absent from the other strains. The last is a protein
known to be encoded by some viruses in order to enable viral replication by
interfering with the host ubiquitin pathway. Many viruses, including members of the
Orthopoxvirus family require a functional ubiquitine-proteosome system, essential for
the degradation of un-needed or damaged proteins (by breaking the peptide bonds of
proteins). In contrast, virally encoded polyubiquitin homologs of Poxviruses may also
inhibit the ubiquitine proteosome system by breaking the linkage that targets proteins
for degradation by the proteasome system (Gao and Luo, 2006; Randow and Lehner,

2009).

In addition, it seems that the predicted LPS gene has been recently acquired by HGT
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event from the host as it was identical in 96% to a homologue in the genome of E.
huxleyi 1516. In the virus the gene has no introns, suggesting that an mRNA
intermediate and a possible retro-virus might have been involved in its acquisition
from the host. Such genomic “thievery” by EhV-202 could potentially prove to be
beneficial for the manipulation of metabolic pathways such as transcription and
replication, thus establishing EMX)2 as the biggest “thug” of the current crop of
coccolithovirus isolates. Nevertheless, regardless of its genomic differences, EhV-202
infects successfully and replicates within the same host as the rest of the viruses
studied here, suggesting that the absence of these genes in the rest of the viruses in
this study is neither essential nor even necessary for a successful infection and

replication. What has driven the acquisition of these genes remains a mystery.

With regards to the phylogenetic marker genes DNA pol and MCP, although useful in
the classification of viruses into groups and families, help very little in the
understanding of selection and evolution in coccolithoviruses. However by using them
in conjunction with ancient DNA sequences from the geological record (Coolen,
2011) and comparing them to sequences obtained from “modern” strains it is possible

to fit the sequenced strains in this study into a historical frame hierarchy. It was seen
that the MCP sequences cluster into three defined groups, i.e. the “modern” sequences

were not constrained to one group and fitted into two out of the three possible groups,
suggesting that in the past (at least with regards to the Black Sea) there were viral
strains similar to the ones that were found in English Channel waters in 1999 and
2001. The fact that the alignment of the MCP fragment of “ancient” and “modern”

EhVs and its % of identity ranged from only 92-100% (sequence alignment identity)

also indicates that there is indeed to some extent, at least in this fragment of the MCP
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gene, a high degree of conservation, that is present regardless of geographical

location, time of isolation, or even functional characteristic differences among strains.

However, from the variation seen in other genes among strains in this comparative
study, one should ask the questions of whether these marker genes can provide useful
information with regards to the evolutionary arms race between the virus and its host,
the selection pressures that these viruses were exposed to along their evolutionary
history (variable environmental conditions, host resistance, shift in dominance of
hosts, etc.) and the HGT events with the host that have occurred in the short and long
evolutionary past of coccolithoviruses. Hence it can be confirmed that DNA pol and
MCP are useful markers for the classification of Phycodnaviruses and EhVs, but less
suitable for evolutionary analysis as a whole when the main purpose of the study is

function and its effect on host-virus dynamics and niche biogeochemistry.

3.4.3. Sphingolipid biosynthesis genes

Genes encoding for a sphingolipid pathway have been implicated in the modulation of
the apoptotic pathways of their host (Michaelson et al., 2010, and as previously
discussed in Chapter 1). In coccolithoviruses putative novel sphingolipids have been
suggested to be biosynthesized during the viral infection process. It was proposed
(Pagarete et al., 2009) that such virus-specific sphingolipids (such as the ones
described by Bidle et al., 2009) could play a role in virion release. In this theory the

formation of sphingolipid rafts are promoted by the virus to occur in greater number in

the host’s outer plasma membrane in order to become focal points for viral budding

and release of virions. As the viral genome is unable to complete the synthesis of

sphingolipids without the aid of the host’s cellular machinery it is likely that each
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gene involved in the pathway has been taken from the host in individual HGT events
to promote such a process. This could account for the piecemeal acquisition of the
pathway by the coccolithoviruses whereby any improvement in the extent of lipid rafts

in the outer membrane could offer a significant advantage to the infecting virus, and is
not reliant on the presence of a complete pathway. Indeed, no coccolithovirus actually
has the complete pathway for sphingolipid biosynthesis encoded on its genome (a
homologue for 3-sphinganine reductase is missing), therefore there is an existing and

established reliance on this host encoded function.

Despite small changes in nucleotide and amino acid sequence, the sphingolipid
biosynthetic machinery encoded within all the EhV genomes in this study appears to
be conserved. Whether this was the case in the evolutionary history of the
coccolithoviruses remains to be seen. An in depth investigation of the coccolithovirus
encoded sphingolipid gene diversity in samples from sediment records, such as the
ones extracted and analyzed by Coolen in the Black Sea (2011) would allow to not
only determine the conservation status of these genes but also reveal at what point
each and one of these genes were acquired and under what selection pressure if any

this has occurred.

The discovery of an additional gene potentially involved in sphingolipid metabolism
in this study: the enzyme alkaline phytoceramidase (aPHC) is also surprising. The
putative function of this gene has not been discovered in a previous analysis of the full
genomes of EhV-86 and EhV-99B1, and the partially sequenced EhV-163. Its
discovery today might be due to improved BLAST algorithms and the availability of

more nucleotide and amino acid sequences in the public domain with a known
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function than there were seven years ago when the first coccolithovirus was
sequenced. The possible presence of such a gene raises interesting questions with
regards to the acquisition of this pathway in coccolithovirus genomes and the ability
of coccolithoviruses to control cellular levels of ceramide through the biosynthesis of
their own ceramide controlling enzymes such as aPHC. The gene predicted to encode
for the enzyme aPHC does not have a homologue in the genome of E. huxleyi and it is
not clear where this gene was “stolen” from or what its origin might be. Its possible
function however can be put into the context of the virus encoded sphingolipid
biosynthesis pathway. The end product of this pathway is a ceramide-like sphingolipid
and is regarded as an important structural and signaling molecule in By luede

(as previously discussed). Given that ceramide functions in regulating and
proliferating PCD and apoptosis in eukaryotic cells (Mao and Obeid, 2008), the
presence of a virally encoded ceramidase could be therefore advantageous to the virus
as its level of expression and translation may influence the level of available ceramide
and its further transformation and breakdown to sphingosine and sphingosine 1-
phospates (Figure 3.11). Furthermore, having the ability to control the levels of
ceramide in the host cell will also allow to a certain extent the control over the
biosynthesis of sphingosine 1-phosphate; a molecule which has many functions. For
instance, in yeast it suppresses growth and enhances the tolerance of a cell to heat

stress (Mao and Obeid, 2008).

Hence, ceramides and their regulation through enzymes such as ceramidase are critical
in achieving a balance between the lipid intermediates within the sphingolipid
biosynthesis pathway. An imbalance in one or more intermediates can resalt in a

altered and abnormal physiological state of the eukaryotic host cell, impairing as a
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consequence its fitness and chances to fight virus infection. In the E. huxleyi-virus
system, the ecological significance of this pathway manipulation could be far
reaching: viral induced control of infection dynamics during a bloom has global
consequences for biochemical cycling in locations where hosts and viruses persist, and
also over geological scales. The deposition of calcite in sediments as seen from cores
analzed in the Black Sea (Coolen, 2011) is largely a result of these host-virus
interactions and the active pump of calcium into the deep ocean post virus induced

death and host demise.

Palmitoyl CoA + Serine

serine palmitoyltransferase

v
3-ketosphingosine sphinganine 1-phosphate
3-ketosphinganine reductase sphingosine 1-phosphate phosphatase
v
Sphinganine

dihydroceramide synthase
v
Dihydroceramide
dihydroceramide desaturase
| rnke
Ceramidase | |Ceramidase (aPHC)
A 4
Sphingosine

Sphingosine kinase
N

Sphingosine-1-phosphate

Fig. 3.11 Hypothetical de novo sphingolipid biosynthesis pathway encoded by e @Hapted and
modified from Monier et al., 2009). In red are the enzymes that areleshdm the genome of the EhVs
and were stolen from the host via HGT (with the exception of aPHC)gangare enzymes encoded
only in the genome of the E. huxleyi host; and in the yellowibdie newly identified enzyme alkaline
phytoceramidase that was predicted to be encoded by the EhVs.
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3.4.4. Single gene and tRNAs variability

The reasons behind the variability of some genes, the susceptibility of some of these
to change, and their observed absence from a particular EhV genomezanegpu
Whilst MCP (or at least the fragments studied here) has changed little with time, other
genes are either absent completely from some EhV strains or have been truncated to
lose their original function. For instance, the gene predicted to encode for the enzyme
sialidase (sometimes also named neuraminidase) was truncated in all the English
Channel strains isolated in 2001. This gene has been shown to be an important
virulence factor in influenza and other viruses, as it helps in the release of the viruses
from the host cell (Roggentin et al., 1993; Taylor, 1996; Hughes et al., 2000; Schauer
and Kamerling, 2011). In the E. huxleyi-virus context, the virally encoded sialidase
was indeed expressed during a lytic infection of EhV-86 (Wilson et al., 2005).
However, whether coccolithovirus strains with or without sialidase display distinct
phenotypes during an infection due to the presence or absence of sialidase remains to
be determined. Moreover, it is impossible to conclude whether the fact that only
viruses without the sialidase encoding gene were isolated in 2001 (as opposed to the
ones with a sialidase encoding genes isolated in 1999) is due to the isolated strains
being the most common at that particular time in the bloom (due to an actual change
in the EhV community in the English Channel over time), or more importantly (but
highly unlikely) a microevolutionary event in which this feature has been lost in all
EhV strains between the years 1999 and 2001. It could simply be that the EhV strains
isolated in 2001 correlated with a specific dominant strain of E. huxleyi at the time of
isolation which influenced the occurrence of a dominant EhV community that lacked
particular genomic features such a sialidase. Another possible explanation for this
could be that strains similar to the ones isolated in 1999 have not disappeared but have

been translocated to a different geographical region, due to the high degree of
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circulation and mixing of the coastal waters in the English Channel and their

association with a particular E. huxleyi strain or strains that are no longer present in
this environment. With regards to possible environmental selection pressure that
might have driven the loss of this gene in some of these virus strains, it is not currently
known whether physicochemical factors influence or impact the operation of the
sialidase enzyme. So far the only report dealing with this refers to the sensitivity and
stability of virus encoded sialidase to alternations in pH in influenza-A viruses

(Takahashi et al., 2003).

The absence of other genes with a known or predicted function in some of these virus
strains is also puzzling. The gene encoding for a phosphate permease (PP) in the
genome of EhV-86 (i.e. ehv117) has been deleted not only from the genome of EhV-
163 but also from the genome of EhV-99B1 (also shown in Pagarete et al., 2013). In
the genome of E. huxleyi CCMP 1516 the PP encoded protein was suggested to be
used in order to increase the uptake of environmentally available phosphorus from the
aquatic environment for essential cellular functions (Monier et al., 2011). The
presence of this gene on some coccolithovirus genomes (English Channel strains)
suggests an evolutionary fitness advantage for these isolates at low concentrations of
environmental phosphate. If the host is able to increase the concentration of bio-
available phosphate due to the presence of this coccolithovirus gene product then the
host may be less limited by phosphate and hence viral infection would also be more
successful (as phosphate is essential for many biochemical pathways within cells
including virion production and genome replication) (Bratbak et al., 1993). Although
phosphate limitation does not stop infection it has indeed been shown to reduce the

virus burst size (Bratbak et al., 1993; Jacquet et al., 2002; Danovaro et al., 2011). It is
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not however, clear why these genes are found in the genomes of the English Channel
isolates in this study, given that the English Channel, the environment from which

these isolates originate from is rarely limited by phosphate (Smyth et al., 2009).

The detection of an endonuclease in EhV-163 and EhV-99B1 at the same locus which
is absent from the “English” isolates studied here provides some indication of
placement in the early hierarchy of the EhV lineage. The loss of PP in the Norwegian
isolates suggests that the “English” strains are ancestral to the Norwegian ones.
Although the specific function of the endonuclease in these strains has not been
identified the general function of endonucleases is known to be the repair of damaged
or mismatched nucleotides or their degradation to free phosphate within them for
other functions (Van Etten et al., 1991). Perhaps the deletion of this gene in the
“Norwegian” strains suggests a level of allopatric speciation and the next stage of
their evolution in which the PP gene product is not required. The reasons behind its
replacement by a putative endonuclease are currently unknown, and future studies will
have to concentrate on linking the presence and absence of genes with environmental
parameters in order to conclude whether the observed differences are indeed a result

of adaptation to local environments where the physicochemical conditions differ.

One should refrain from over interpreting these differences due to the unknown
phenotypic characteristics of EhV-163 and EhV-99B1 during active infection in
comparison to their “English” relatives. Comparing the infection dynamics of:
“shared” (multiple strains infecting the same host at the same time) versus individual
virus strains (single strains infecting the same host at the samg “Norwegian”

versus “English” strains, and the careful monitoring of gene expression of important
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genes via either microarrays or g°PCR methods, will determine whether differences in
the presence/absence of certain genes actually affect infection dynamics, the
successful infection and replication by different coccolithovirus strains, and thus the
abundance of the host and its subsequent demise (some of these issues will be dealt

with in Chapter 4).

Whenever evolutionary studies are performed, one should always keep in mind that
some features could be due to random selection or simply due to chance. This is most
likely more than true in the case of the tRNAs composition observed in this study.
Although there appeared to be a group of “essential” tRNAs present in all the EhV
genomes in this study, there were also some that can be described as “non essentials”,

i.e. lacking in one or more genome. tRNAs are a useful arsenal of weapons that many
viruses posess. By encoding their own tRNAs and “adapting” them to their codon
composition, viruses bypass the reliance on host tRNAs. For instance PBCV-
encodes 11 tRNAs, even though its genome size is only 330 kb long and predicted to
encode for 366 proteins (Li et al., 1997), much less than the coccolithoviruses. In
PBCV-1 tRNAs play a crucial role in the synthesis of the viral proteins by
supplementing the lack of particular tRNA in the host genome. However this almost
random distribution of the “non essential” tRNAs in the coccolithovirus genomes may
influence their adaptability potential to different host strains in which certain tRNAs
are present in minor amounts, and in doing so enhancing the translation efficiency of
coccolithovirus genes. Thus a large number of virally encoded tRNAs can be seen also
as an advantageous characteristic. In this case, if judged solely by its tRNAs
composition, EhV-202 would appear as a poor competitor with potentially smaller

host range as it only encodes for three tRNAs, whereas EhV-86 for instance encodes
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for six tRNAs. A future investigation of the host range of these different viruses and
the in-deph analysis of their use of their tRNAs during infection would be a natural

next step in the study of these viruses.

3.4.5. HGT events with the host

To date, the only genes of known function acquired from the host via HGT events by

coccolithoviruses are the genes involved in the sphingolipid biosynthesis pathway and
the gene encoding for PP. However the discovery here that on average 13% of the
coccolithovirus genes under investigation share homology with genes in the draft

genome sequence of E. huxleyi 1516 (Read et al,, 2013) is striking and raises
interesting questions with regards to not only the co-evolution of coccolithophores and

their viruses but also the evolution and establishment of the eukaryotic cell.

There are two possible scenarios that can explain the large degree of homology seen
here. The first and most likely scenario is through the occasional flow and
incorporation of host genes into the genomes of their viruses upon simultaneous virus
and host replication (i.e. HGT and lateral gene flow). If one is to accept that viruses
need to “steal” genomic material from their hosts in order to co-evolve with them and

ensure their own evolution and survival, then in the case of the coccolithoviruses this
means that the homologous genes seen at present have been gradually acquired from
the host through a long history of co-evolutionary arms race. Following acquisition
some of these genes have been also liable to loss, as seen from the loss in PP gene in
the Norwegian isolates. The second scenario, one that is somewhat controversial and
not fully accepted by the majority of evolutionary biologists is the “viral

eukaryogenesis” hypothesis proposed recently by Bell (2011), in which was claimed
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that the origin of the ancestral nucleus is in fact a large, complex DNA virus that
established a continual presence in the cytoplasm of archaea and eventually evolved to
be an eukaryotic cell (with features similar to archaea and DNA viruses alike). If this
hypothesis is to be extrapolated here then this will mean the opposite; i.e. the
coccolithoviruses have been losing genes, and drifting away from their ancestral DNA

Virus.

Regardless of which theory one chooses to support, it is difficult to ignore the fact that
large portions of genomic material are shared between the coccolithoviruses in this
study and their host. Whatever the metabolic and evolutionary driving forces behind
the sharing of material, it is a crucial feature and recurring theme in the study of co-
evolution of algae and its viruses. Moreover, there is no doubt that in the future with
the advances in the prediction of genes, proteins and functions of microbes, the
knowledge of the current “unknowns” in the genomes of the ecologically relevant
coccolithoviruses will also increase, and the identity of many hypothetical protein
encoding genes that currently overwhelm the few of known function will be revealed.
This will allow us to better understand the reasons and functional relevance behind the

acquisition of large chunks of host sequence in the viral genomes.
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3.5. CONCLUSIONS: WHAT THE FUTURE HOLDS FOR EHVS

The analysis presented here is a complex comparative study of marine viruses with an
established ecological function. As an important first step, this study highlights the
enormous genetic diversity hidden in coccolithoviruses and illustrates the importance
of using well characterized model virus strains in the study of evolutionary
relationships between different virus strains, host-virus co-evolution, and the possible

role of biogeography in shaping modern marine virus genotypes.

Although mostly similar, the genomes examined here also presented features that were
unigue among strains, with genetic material lost and gained in various strains. Most
importantly, this study shows that a core set of genes, some encoding for a near
complete biochemical pathway are conserved; regardless of the geographical origin of
virus isolation in which they are found or the time at which these viruses were
isolated. Such conservation provides crucial evidence for the importance of particular
biochemical pathways and metabolic processes (such as the virally encoded
sphingolipid biosynthesis pathway) and their manipulation during infection of

coccolithophore blooms in the natural environment.

The majority of genomes analyk here are ‘only’ drafts at approximately 99%
completion. Their completion in the future could provide even more information as
there may be important features that were missed in the gaps between the sequenced
contigs of each genome during the sequencing process. The repetitive regions which
are difficult to sequence in particular, could hold vital clues to genome replication and
transcriptional control. Nevertheless, the information that is provided from these drafts

is more than sufficient for the generation of new hypotheses and the beginning of a
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series of experimental approaches in the laboratory. Now that the genotypes of these
strains are known it is possible to establish a direct link to their phenotypes, i.e. their
infection dynamics and structural characteristics; with the ultimate goal of integrating
this information into ecological models of primary production, bloom dynamics and

nutrient recycling in the worlds’ oceans.

This study and the algal virus system it describes is an excellent example of thievery
of genetic material by viruses on a scale never observed before in the marine realm of
virology. At first glance these viruses appear as nothing more than thugs,
manipulating and coercing their hosts’ biochemical machinery, selfishly to their own
advantage. However they may not look so fierce if their actions are judged in an
evolutionary perspective during which they drive not only their own evolution, but
also the evolution and diversification of their hosts through a thoroughly unique co-
evolutionary arms race for survival. It is unclear however how the genomic
differences observed in this Chapter and other studies on coccolithoviruses to date
influence the infection dynamics of these viruses with their hosts and whether
different virus strains exhibit different infection dynamics. Therefore the potential

phenotypic differences between two cdid hovirus strains are explored in Chapter 4.
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4. INFECTION DYNAMICS OF COCCOLITHOVIRUSES: THE
VIRUS “FIGHT CLUB”

4.1. INTRODUCTION

To date,coccolithoviruses have been shown to be a major cause for the demise of
blooms in both temperate and sub temperate oceanic regions (Bratbak et al., 1995;
Martinez et al., 2007; Brussaard et al., 2008; Sorensen et al., 2009). Their role in
regulating coccolithophore phytoplankton assemblages has been firmly established
through large scale environmental studies where researchers have monitored the virus-
induced decline of blooms in both the open ocean and continental shelf regions, and
induced semi-natural blooms in large enclosures of seawater (mesocosms) in
Norwegian fjords (Wilson et al., 2002; Martinez et al., 2007, 2012). During these
studies the main parameters under investigation were host and virus abundance using
flow cytometry and sometimes molecular fingerprinting to establish the extent of virus
infection, host biomass reduction, and subsequently the identity of the virus strains
present at the time of sampling. With the exception of a laboratory study that
investigated the susceptibility of different Emiliania huxleyi host strains to infection

by a single coccolithovirus strain (Bidle and Kwityn, 2012), the majority of data
regarding host-virus dynamics in this system comes from these former field studies,
where the populations of host and virus were examined as a whole (i.e. by means of
AFC where distinction between different strains during infection dynamics could not

be made) and strain specific differences were not investigated.

Although useful, these previous studies do not reveal the single strain variability

differences of coccolithoviruses with regards to infection strategies and mechanisms.
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Within a coccolithophore bloom, the success of coccolithoviruses will vary and will
be influenced most likely by the type of host strains present (Wilson et al., 2002a;
Martinez et al., 2007, 2012; Rowe et al., 2011; Coolen, 2011). There will be a pool of
different virus strains and many host strains (some of which will be more dominant
than others). Given that it was already established in Chapter 3 that there are clear
genetic differences between coccolithovirus isolates (i.e. there are genes that are either
present or absent in some coccolithovirus strains), it is likely that within a mixed
community of viruses which are all co-infecting during bloom conditions, subtle
variations in their phenotypic properties, i.e. infection dynamics, may have a profound

impact on the overall composition of the host community.

The re-occurrence of coccolithoviruses and their persistence in the environment and
co-occurrence with a host population can be explained by the stable co-existence
theory proposed by Thyrhaug et al. (2003) in whichvas proposed that the co-
existence of algae and viruses is possible due to an efficient feedback mechanism that
reduces the rate of infection when the host abundance is low due to initial virus
infection and population demise. Surprisingly, the authors concluded that this
feedback mechanism was due to the development of resistance in the host populations
under study to virus infection, which allowed the cultures to eventually recover due to
phenotypic plasticity of the hosts, and not due to a phenotypic change in the infecting

viruses.

However the role of val phenotypic differences and its effect on the algal population
needs to be investigated further. Whether viral phenotypic differences are driven and

influenced by variations in host resistance and susceptibility to infection, or due to a
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natural variation in the infection dynamics strategies employed by different
coccolithovirus strains (due to their enormous genetic potential hidden in their large
genomes) remains to be determined. Recent work by Thomas et al. (2011) showed
that green algal species such as Bathycoccus sp., Micromonas sp. and Ostreococcus
tauri can potentially develop resistance if exposed to the same virus strain over a
period of time in the laboratory. They proposed that host resistance occurred by either
spontaraus mutations that are selected for during viral infection or by an as yet
unknown chemical signal from infective cells to the rest of the population that causes
a shift in the population towards resistant phenotypes. The latter was indeed shown
during infection of E. huxleyi in which virus-susceptible diploid cells were observed
to undergo meiosis post virus infection to produce haploid cells that were resistant to
virus infection (Frada et al., 2008). fermore, in the E. huxleyirus system it was

also observed that apoptosis triggered by the secretion of virally encoded
sphingolipids also might infer resistance in some cells (Pagarete et al., 2009) by acting
as a “chemical alarm” for infection to the rest of the population (Vardi et al., 2009;

Bidle and Vardi, 2011).

The exact mechanisms through which resistance occurs are unclear. It is however
believed that resistance to viral adsorption might be conferred by mutations in the host
cells that include the structural modification of cellular receptors on the algal surface
and the decrease in the number or loss in particular receptor sites vital for virus
attachment (Grimsley et al., 2012). The occurrence of resistance however comes at a
cost to the host cells in the form of reduced growth rates (Thyrhaug et al., 2003) and

the possible increase in their sensitivity to other viruses (Bidle and Vardi, 2011).
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In the laboratory, some coccolithophores have been shown to be susceptible to one or
more coccolithovirus strains (Bidle and Kwityn, 2012, and personal observations),
hence like in any other biological system, competition between viruses for infection
and successful replication exists. From an evolutionary perspective the viruses that are
the most competent and efficient infection agents will be the ones from which future

generations or coccolithovirus strain types derive, in any given ecological niche.

Hence the focus in this chapter will shift from the traditional study of host phenotypic
plasticity and resistance to the study of virus phenotypic differences and their
manifestation during infection. It is only through an experimental approach in the
laboratory that these phenotypic differences between coccolithovirus strains can be
observed and documented. In this chapter infection dynamic experiments were
performed with two strains that were shown in Chapter 3 to differ in part of their
genomic material: EhV-86 and EhV-207. For simplicity, it was decided that the focus
would be to identify any potential differences exhibited by the two viruses during
infection, and not consider host variability here. Therefore a single strain of host algae
was chosen as a candidate for infection: E. huxleyi CCMP 2090. The main goal was to
compare the infection dynamics exhibited by EhV-86 and EhV-207, and assess their
impact on host growth, which was revealed by competitive interactions of the two
viruses during airus “fight club” experiment. Strain specific primers were designed

for each coccolithovirus, and the abundances of virus like particles (VLPs) were
monitored for one week post- infection by means of qPCR and Analytical Flow

Cytometry (AFC).
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4.2. MATERIALS AND METHODS

4.2.1. Culture conditions and setup

E. huxleyi CCMP 2090 was grown in a 2 L f/2 medium (Section 2.1.3), stirred and
aerated in an Infors Minifors chemostat bioreactor (Figure 4.1) at a light and dark
cycle of 16:8 hours respectively, temperature of 18°C, and white light intensity of ~86
1M photons rif s*, prior to the beginning of the experiment. Once the E. huxleyi in
the chemostat was at a cellular density of 1.5%I0" (i.e. beginning of exponential

growth), 100 mL were distributed into 12 polystyrene stdrisue culture flasks

(CellStar) (Figure 4.2).

Fig. 4.1. Infors Minifors chemostat bioreactor in which the E. huxleyi CCMP® biomass was
generated prior to inoculation tife culture flasks during the “fight club” experiment.
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Fig. 4.2.Culture flasks in which the virus “fight club” experiment was conducted, containing aliquoted
100 mL of exponentially growing E. huxleyi CCMP 2090 from timfors Minifors chemostat
bioreactor.

The 12 algal subculture flasks and 9 other culture flasks that contained only /2 were
placed in a culture cabinet under the same conditions as in the chemostat and left to
acclimatise for 48 h (Figure 4.2). On the day of the experiment (t0) the flasks in the
culture cabinet were organized into seven different culture conditions (A-G) as
described in Table 4.1. Ten minutes before the first sampling point (t0), cult@res 1-
(A) were inoculated with fresh EhV-86 lysate with a multiplicity of infection (MOI)

of 1:1, cultures 4-6 (B) were inoculated with EhV-207 with a MOI of 1:1, and cultures
7-9 (C) were inoculated with both EhV-86 and EhV-207 at an overall MOI of 1:1,
with a 1:1 ratio of each virus. Cultures 10-12 (D) were virus controls and contained no
host (only f/2), and were inoculated with the same volume of EhV-86 lysate as
cultures 1-3. Likewise, cultures 13-15 (E) contained only f/2 and were inoculated with
the same volume of EhV-207 lysate as cultures 4-6, and cultures 16-18 (F) contained
only f/2 and were inoculated with the same volume of both EhV-86 and EhV-207

lysates as in culture 7-9. Cultures 19-21 (G) were the negative controls containing host
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with lysates of EhV-86 and EhV-207, that were inactivated by autoclaving at 126°C,
followed by filter sterilization through a 0.2 pum sterile cellulose acetate syringe filters
(Gilson), and overnight exposure to UV light, prior to their addition to the control

flasks.

4.2.2. Probe design and optimisation

The selection for specific primer probes for the two viruses EhV-86 and EhV-207 was
performed on the IMG/ER analysis platform, in which the protein coding genes of
EhV-86 and EhV-207 were compared using BLASTp with a maximum E value of 1e

% and minimum percent identity of 40%. Following this analysis, EhV-86 and EhV-
207 strain specific genes were identified (i.e. ehv290 [510 bp] and EQVG00465 [1059
bp], respectively) and selected for the design of PCR primers. The design of the
primers was as described in Section 2.3.1 and the final sequence lengths that were to
be amplified by the PCR/gPCR were 209 bp (for EhV-86) and 353 bp (for EhV-207)

long. Primers were ordered from and supplied by the Sigma-Aldrich Company Ltd.

4.2.3. PCR with gPCR primers for EhV-86 and EhV-207

In order to first establish that the designed primers were strain specific, a standard
PCR (Section 2.3.2.1) was performed on fresh lysate stocks of EhV-86 and EhV-207
with the primers for ehv290 (i.e. qPCR(EhV-86)-F and qPCR(EhV-86)-R) and
EQVG00465 (i.e. qPCR(EhV-207)-F and gPCR(EhV-20J)-Rhe PCR was
conducted in triplicates and the set up conditions were as described in Section 2.3.2.1.
The PCR cycle included an initial denaturation step at 95°C for 3 min, followed by 34
cycles at 95°C, 60°C and 74°C for 30, 60 and 90 sec respectively, and a finaltcycle

95°C, 60°C and 74°C for 30 sec, 5 min and 5 min respectively.
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4.2.4. Sampling procedure

Once experimental conditions were set up in the flasks the cultures were left for ten
minutes so that the viruses could acclimatise to the culture conditions and establish
initial attachments/infections with the host cells. Then 3 mL of sample were taken out
from each at the following times: 0 (t0), 1 h (t1), 2 h (t2), 3 h (t3), 4 h (t4), 8 h (t5), 12

h (t6), 24 h (t7), 48 h (t8), 72 h (t9), 96 h (t10), 120 h (t11), 144 h (t12), and 168 h
(t13). The 3 mL were further divided into three sub-samples. 1 mL was fixed with
0.5% glutaraldehyde for the enumeration of host abundance using AFC and 1 mL was
spun down at a speed of x 13,000 rpm for 30 sec and the top phase removed into a
new tube, for the analysis of free and attached VLPs by AFC. The pellet was re-
suspended in 1 mL of DNA free water and both were fixed in 1% glutaraldehyde. The
same was performed with the last subsample of 1 mL with the exception of the
addition of the glutaraldehyde as these samples were used for gPCR. All samples were

snap frozen in Lland stored at -80°C for further analysis.

4.2.5. Analytical Flow Cytometry (AFC) of host and virus abundance

All samples were analysed in bulk after the conclusion of the experiment. Samples
were defrosted at room temperature and then analysed using flow cytometry following
the protocols described in Section 2.2.1 and 2.2.2. The two EhV strains could not be
distinguished by AFC in the combined EhV-86+EhV-207 cultures (as they gave the

same green fluorescence signature).

4.2.6. DNA extraction from top phase and pellet samples

After product amplification was not detected during a test gPCR with a subset of
samples from the “virus fight club” experiment it was decided to troubleshoot the
reaction conditions. It was established that most likely PCR inhibitors in the raw
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samples were the cause for the lack in gPCR amplification. Hence it was decided to
perform a phenol-chloroform DNA extraction on all the samples from the experiment

intended for gPCR (as described in Section 2.3.6).

Table 4.1.The virus “fight club” culture conditions A-G and their initial volume* at the beginning of
the experiment (t0). Each culture condition was performed in triplicates (ictal of 21 f/2 cultures
containing E. huxleyi CCMP 2090 at a cellular density of 1.5 %nl0%). + indicates the presence of
EhV-86, EhV-207, or host in a given cultureindicates inactivated virus.

Volume of /2 (mL)* | Ehv-86 | Ehv-207 | F Eg’s‘{ey' cu%?grggﬁgitt?én
Culture
1 100 +
2 100 + A
3 100 +
4 100 + +
5 100 + + B
6 100 + +
7 100 + + +
8 100 + + + C
9 100 + + +
10 100 +
11 100 + D
12 100 +
13 100 +
14 100 + E
15 100 +
16 100 +
17 100 + F
18 100 +
19 100 - -
20 100 - - + G
21 100 - -

4.2.7. Real-time PCR (i.e. qPCR)

Real-time PCR assays on extracted DNA samples were carried out in optical-grade
96-well plates in an ABI PRISM®7000 Sequence Detection System (Applied
Biosystems, UK) with the Qiagen Quantifast Sybr Green PCR kit (with a ready to use
master mix). The calibration curyer standards) for the qPCR to which each “fight

club” DNA sample was compared to consisted of triplicates of the serial dilutions (10
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! to 10'%) of amplified and gel extracted PCR products of ehv290 (for EhV-86) and
EQVG00465 (for EhV-207) at initial DNA concentrations of 65.7 ng'jahd 57.4 ng

uL™ respectively (i.e. DNA copy number of 2.91 x*i@nd 1.51 x 18 respectively).

The calibration curve diluted samples were loaded each time at the same plate as the
DNA samples from the “fight club” experiment in order to reduce bias occurring due

to small shifts in fluorescence signal from one 96 well plate to another.

The reactions of both standards and samples consisted of 12.5 pL of Sybr Green
master mix, 0.5 pL of primer gPCR(EhV-86)-F or qPCR(EhV-207)-F (at a final conc.
of 0.2 uM), 0.5 pL of primer qPCR(EhV-86)-R or gPCR(EhV-207)-R (at a final conc.
of 0.2 uM), 1 pL of template DNA (sample, standard, or NTC [no template control])
and 10.5 pL of RNAse free water (final volume of 25 pL). The thermal cycling
conditions (on the ABI PRISM 7000 cycler) were as follows: an initial cycle of 95°C

for 10 min followed by 40 cycles at 95°C for 30 sec and 60°C for 30 sec.

The automated generation of the calibration curve by the ABI PRISM 7000 Sequence
detection system allowed the logarithmic plotting of each standard concentration
against the cycle number at which the detected fluorescence signal increased above
the threshold value-CT. Then, the Sequence Detection System software calculated the
target gene DNA copy number (or concentration) from the CT value obtained for each
of the samples with unknown concentratidhe calibration curve slope was used in
order to determine the reaction efficiency (E) using the following equation: E=1+10
Lslore) Eor instance, if E equalled to 1 then this meant a 100% product doubling in

each amplification cycle.

103



4.3. RESULTS

4.3.1. PCR primer specificity

PCR amplification of EhV-86, EhV-207 and EhV-86/EhV-207 lysates (A,B and C)
revealed that the newly designed qPCR primers were indeed strain specific (Figure
4.3). When each set of primers was used in a sample from which the target strain was
not present (EhV-86 or EhV-207), amplification was not detected; i.e. the
amplification was specific to the set of primers used and only samples that had the
target strain produced a PCR amplicon. This test experiment, in triplicate, also
revealed that the amplified products of the EhV-86 and EhV-207 specific targets,
correspond to the size that was predicted from the genomic investigation of these

genes; i.e ~200 and ~353 bp respectively.

EhV-86 primers

DNA H,0

EhV-207 primers

1kbp 100bp

Fig. 4.3.Gel electrophoresis of PCR products conducted with primers specific t@&lavid EhV-207.
The products are amplified regions from subsamples from lysates ftakerthree different culture
conditions: EhV-86 infected host (A), EhV-207 infected host @&} host infected simultaneously by
both EhV-86 and EhV-207 (C). In the last two lanes to the (igptand bottom) are the control DNA
free water samples.
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4.3.2. Analytical Flow Cytometry (AFC) analysis of the virus “fight club”

4.3.2.1. E. huxleyCCMP 2090: host abundance

The AFC approach was undertaken in order to record both host cellular abundances as
virus propagation progressed and to monitor host demise over time. In general, there
were no significant differences in the host cellular abundance between cultures
infected by EhV-86 (condition A; 2.98 x 4@nL™; SD + 1.41 x 18, EhV-207
(condition B; 2.56 x 1dmL™ SD + 3.10 x 1% or combined EhV-86+EhV-207
(condition C; 2.41 x 10mL™?, SD + 2.36 x 19 in the first two days post the initial
infection (i.e. host abundance decrease was not observed and the host populations
continued to grow) (Figure 4.4). However, by day 3, both the EhV-207 and EhV-
86+EhV-207-infected cultures crashed dramatically and three days post-infection
there was ~96 % loss of cells in these cultures (i.e. condition B; 6.10m{ 10 SD

+ 1.25 x 10, condition C; 1.35 x TOmL™?, SD + 4.49 x 1%). The crash was
simultaneous between these two culture conditions as can be seen in Figure 4.4. In
contrast during the same time period (first two days post infection), there was a 5.85%
increase in E. huxleyi abundance in the EhV-86 infected cultures (i.e. condition A,
2.98 x 16 mL™, SD + 1.41 x 19). It was only after the fourth day that the EhV-86
infected cultures showed a similar rate of host density reduction (i.e. 2.63mL10

SD + 1.65 x 18), by which point the cellular density of the EhV-207 and EhV-
86+EhV-207 infected cultures were at an average low of 2.66 miL0 (SD + 1.03

x 10°) and 1.64 x 1dmL™ (SD * 3.42 x 1) respectively (Figure 4.4). This was also
evident from the E. huxleyi density plot from AFC analysis (Figure 4.5) in which the
mean red fluorescence (proxy for chlorophyll and host abundance) 72 h post-infection
was much lower (lower red fluorescence and side scatter) in the EhV-207 and EhV-

86+EhV-207-infected cultures than in the EhV-86 infected ones.
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By the end of the experiment (seven days post infection, t13), the majority of the E.
huxleyi host population in the EhV-86 infected cultures was lysing and/or dying (as
can be seen in Figure 4.5 and 4.6. from the decrease in the amount of cells with higher
red fluorescence). However, there was still a small relatively healthy (i.e. higher red
fluorescence) host population remaining as the average host abundance in these
cultures was 2.77 x ¥onL™ (SD + 6.89 x 16) as opposed to: 2.52 xA(BD + 3.36

x 10" and 1.18 x 1D(SD + 1.24 x 1¥) cellsmL™*in the EhV-207 and EhV-86+EhV-

207 infected cultures respectively (not seen on the plot due to the logarithmic scale of
the graph). With regards to the control cultures that contained inactivated
coccolithovirus virions (condition G). E. huxleyi abundance was still high by the end
of the experiment and cellular density was 4.32 %m0 (SD + 3.04 x 18) (Figure

4.4).

6.00E+06 -

—©—EhV-86 infected

—©—EhV-207 infected

5.00E+06 - A—EhV-86 and EhV-207 infected (fight club)
=—>—no virus control

4.00E+06 -

3.00E+06 -

2.00E+06 -

1.00E+06 -

D &)
0.00E+00 T T T T T T T T T T |L"A T @ T @ T @—l

48 24 0 1 2 3 4 8 12 24 48 72 96 120 144 168
time (h)

E. huxleyi 2090 abundance (mL)

Fig. 4.4. E. huxleyi CCMP 2090 average celisL™ (of three replicates, error bars are +standard
deviations) following infection by EhV-86 (culture condition Aed ling EhV-207 (culture condition
B- blue ling, and combined EhV-86 and EhV-207 (culture conditiong@en ling: control cultures
that contained inactivated viruses (black line). The first measuremetits otiltures were taken two
days before the addition of the virus stocks (i.e. t-2 or -4&éll density was enumerated using AFC
(Red fluorescences side scatter).

106



Oh 48h

; ; : :
; : ; y O 0T
0 0]
[ § [ [ I
: : - : e
>0
: : 5 5 e
r, " ) " LLl
b b i b
T TR ™ R TR T T A N T T " T
: g :
0 b 8 b t9 b t13 i
N N N O Q)
v : J e N ¥
|
/|
: 5 0 0 Py 2 “q-)
w o/ " * ﬁi I C
U g {4 [ ] ' ! w w -
2 2 :
a A T T T oo T T T TR
1.
3 . | A
= 2 : : 0
Y H3 i
: b 5T
T z0
r‘o [ \ o
() - : : Wy
: N 0
- b K 0 4
" " “i ‘E
b >
1t T T T T
W

10
104
10
10

10>

107

10!
10*

Nno active
viruses

i -e.‘ﬂ.‘x:;‘

T T T T T T T I I TR T T

side scatter

10

10

Fig. 4.5.AFC density plot analysis at t0, t8, t9 and t13 of E. huxlegi$¢cellular red fluorescence [y
axis] vs side scatter [x axis] ranging from°® 10"). On the density plot, each dot or point represents
an individual cell that has passed through the instrument. Pink/tedot® indicate large numbers of
cells. The subsamples for this analysis were from cultures infbgtedher EhV86 (“solo”), EhV-207
(“solo”) or combined EhV-86+EhV207 (“fight club”).
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4.3.2.2. AFC analysis of free VLPs

As observed by AFC analysis, viral production rates from the infected E. huxleyi cells
were similar in cultures infected by EhV-207 and EhV-86+EhV-207 throughout the
experiment, with the exception of 1 h post-infection (t1), where the amount of free
EhV-86 and EhV-207 virus like particles (VLPs) in the combined virus condition (C)
was significantly lower than the amount of free EhV-86 or EhV-207 VLPs in the
single treatments (A and B); i.e. 4.89 ¥ 1oL (SD + 9.87 x 1) as opposed to

6.57 x 16 (SD +5.87 x 1) and 7.75 x 120 mL™ (SD + 7.05 x 16) respectively (t=
0.0164, P<0.05) (Figure 4.6). Then, two hours post infection (t2), the average amount
of free VLPs in all culture conditions decreased to an average of 2.91mLT0(SD

+ 1.42 x 10%. Thus by two hours post-infection almost half (45%) of the inocdilate
VLPs in all culture conditions were either attached to the host cell receptors or had

penetrated into the cells for replication.

The first round of mass virion release from the infected cells in all culture conditions
was 3 h post-infection (as seen in Figure 4.6.). At 8 h post-infection there were more
free VLPs in the EhV-207 and EhV-86+EhV-207 infected cultures than in the EhV-86
infected ones; i.e. 8.73 x 1(SD + 2.54 x 1f), 9.10 x 16 (SD + 3.18 x 16), and

7.18 x 16 VLPsmL™ (SD + 5.18 x 10) respectively. The trend of lower and perhaps
slower virion production/release from the EhV-86 infected cultures continued until the
end of the experiment 7 days post-infection where the amount of free VLPs in these
cultures (5.19 x 10 SD + 3.88 x 1f) wason average ~92% less than in the EhV-207
(6.58 x 16, SD + 1.09 x 18 or EhV-86+EhV-207 (7.04 x £0SD + 8.55 x 10

infected cultures (t=0.0003, P<0.05) (Fig. 4.6). Interestingly, the maximum number of
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VLPs in both EhV-207 and EhV-86/EhV-207 infected cultures was reached 48 h post

infection (Figure 4.6 & 4.7).
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Fig. 4.6.Average densitynL™* (of three replicates) of EhV-86 (culture conditionrAd lind EhV-207
(culture condition B-blue lingd and combined EhV-86 and EhV-207 (culture conditiorg@en ling
VLPs. The controls are not seen here as they were below the level of def€htdnee VLPs density
was enumerated using AFC (green fluorescesaide scatter).
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4.3.3. qPCR analysis of the virus “fight club”

4.3.3.1 Calibration curve efficiencies of the gPR “fight club” sample analysis

The calibration curves (Figure 4.8) that were established in order to cahéroptimum
conditions for the gPCR analysis indicated that under the described PCRocandhe

serial dilutions of the known concentrationsetfv290 (for EhV-86)andEQVG00465

(for EhV-207) PCR generated DNA was log-linear for both with a correlation
coefficence (B of 0.99. The efficiencyE= -1+105°°%) of the reactions were 102.21

% and 88.70 %espectivelyWith the analysis of each plate of samples from the “fight

club” experiment the established dilutions of the above comparative DNA
concentrations were also re-analysed in order to allow accurate quantification of the

“fight club” samples in relation to these known DNA concentrations.

A) calibration curve of EhV-86 B) calibration curve of EhV-207
25 25
Slope: -3.27 Slope: -3.62
20 Intercept: 36.54 20 Intercept: 37.77
+ R%:0.99 R%:0.99
15 15 4
G \ &
10 \ 10 4
5 5
0 - 0

1.00E+04 1.00E+05 1.00E+06 1.00E+07 1.00E+08 1.00E+09 1.00E+04 1.00E+05 1.00E+06 1.00E+07 1.00E+08 1.00E+09

log CO log CO

Fig. 4.8.Calibration curve for the gPCR amplification of known amountgwified DNA of EhV-86
(ehv290) and EhV-207 (EQVG00465). CT= cycle number, (log COswhkrconcentrations of purified
EhV-86 (A) and EhV-207 (B) DNA products.

111



4.3.3.2. Virus copy number of “fight club” versus “solo” cultures

A comparison of the amount of VLPs detected by AFC as opposed to those detected
by the gPCR technique revealed that there was a 100-fold decrease in the amount of
virus copy number (VCN) detected by the gPCR method, most likely due to the loss
of viruses during the phenol-chloroform DNA extraction step (Table 4.2). This
reduction in apparent virus abundance was consistent throughout the experiment and
was thus taken into consideration when interpreting the gPCR results of the virus
“fight club” experiment. In addition, the resolution of the qPCR was accurate only 12

h post infection at VCN higher than3®L™?, hence the qPCR results of-t@5 were

below the detection levels and are not shown here.

Table 4.2.Free, unattached, average virus like particles (VLPs) number anccopysiumber (VCN)
per mL, detected by analytical flow cytometry (AFC) and quantitatidgnperase chain reaction
(qPCR) respectively, 12 h and 168 h post-infection of culturestatfdxy either EnV-86 or EnZ07.

Analysis type

time (h)

12
168

Regardless of whether the two viruses were co-infecting or solo-infecting a host
population in culture, the two strains exhibited different infection dynamics, and the
gPCR results revealed more than what was initially observed by the AFC analysis.
Throughout the experiment, in the “solo” cultures EnV-207 exhibited faster infection
dynamics than EhV-86 and replicated to produce new VLPs quicker; i.e. the combined
VCN (free virus particles + virus particles that were either attached to the host cells or
were inside the cells) was higher (Figure 4.9). In the “fight club” cultures, the
presence of EhV-86 did not affect the infection dynamics of EhV-207, and the latter

produced VLPs in a similar rate to the “solo” cultures that were infected only by EhV-
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207. In contrast, EhV-86 was affected by the presence of2Bli\a the “fight club”
cultures and the amount of EhV-86 VCN at the end of the experiment in these cultures
was 1000 fold less than in the “solo” cultures that had only EhV-86; i.e. 6 x 1¢SD +

2.86 x 16) and 4 x 10(SD * 1.28 x 16) mL™* respectively. Thus, EhV-207 was not
only a faster strain with regards to its infection dynamics but was also a superior strain
that out-competed its EhV-86 rival when they were both present in a host culture (at

similar initial ratios).
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Fig. 4.9. Combined (free-floating and cell-associated) VCN averages (xSD) of subsamples from
cultures in triplicates infected by either EIRg-(“solo” cultures), EhV-207 (“solo” cultures) or
combined EhV-86 and Eh®07 (“fight club” cultures), 12 h, 24 h, 48 h and 168 h post infection (i.e.

t6, t7, t8, and t13 respectively); performed with gPCR strain spexifiters for the discrimination of

one coccolithovirus strain from the other.

4.3.3.3. Virus copy number of free and attached VLPs

In order to gain a deeper understanding of the interactions that have occurred during
this experiment it was also necessary to understand the genome replication rates of
each strain. Hence the gPCR analysis was also used to determine the abundance of
EhV-86 and EhV-207 virus copy number (VCN) at any given time, by analysing those
free in solution (either released/unadsorbed virions) and those associated with the
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pelleted fraction, with the assumption that the VCN in the pelleted fraction represent
viruses or synthesized viral genomes within the cells (infectious) or virus particles
attached to the cell receptors (infecting). The presence of8&h¥-the “fight club”
cultures did not affect the amount of cell-associated or free EhV-207, as the VCN of
both in each fraction in the “fight club” cultures was similar to the VCN of the cell-
associated and free EhV-207 VLPs in the EXN-“solo” cultures (Figure 4.10). For
instance, 48 h post infection the average cell-associate REhV-CNs in the “fight

club” and “solo” cultures were 5.00 x 10" (SD + 2.83 x 10 and 4.47 x 10(SD =

1.52 x 10) respectively, and the average free EXX-VCNs in the “fight club” and

“solo” cultures were 3.89 x 10° (SD # 2.62 x 18) and 5.25 x 1D(SD + 7.07 x 16
respectively. Interestingly, throughout the experiment (t6-t13), the amount of cell-
associated VCN of EhX07 in both “fight club” and “solo” culture conditions was

higher than the amount of free EhV-207 VCN, with the exception of 168 h post
infection (t13) where the amount of free and cell-associated EhV-207 VCN was on
average similar: i.e. 6.90 x 4¢SD + 2.66 x 1) and 5.59 x 1D(SD + 1.01 x 16)

respectively (Figure 4.11 B).
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Fig. 4.10.Cell-associated (A) and free floating (BCN averages (£SD) of subsamples from cultures
in triplicates infected by either Eh®6 (“solo” cultures), EhV-207 (“solo” cultures) or combined EhV-

86 and EhV207 (“fight club” cultures), 12 h, 24 h, 48 h and 168 h post infection (i.e. t6, t7, t8, and t13
respectively); performed with qPCR strain specific primers for the digwtion of one
coccolithovirus strain from the other.
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Fig. 4.11.EhV-86 (A) and EhV-207 (Byirus copy number averages (£SD) of subsamples from “solo”
(full lines) and “fight club” (dashed lines) cultures in triplicates, 12 h, 24 h, 48 h and 168 h post
infection (i.e. t6, t7, t8, and t13 respectively); performed with qREBRIn specific primers for the
discrimination of one coccolithovirus strain from the other.
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In contrast, the presence of ERU7 in the “fight club” cultures affected the VCN of

both cell-associated and free EhV-86 (Figure 4.10 & 4.11 A). For instance, at t6 and
t8 (i.e. 12 h and 48 h post-infection) the VCNs of cell-associated®bHi¥ the “solo”
cultures were 1.71 x $@SD + 5 x16) and 1.47 x 10(SD + 1.87 x 1f) respectively

and the VCNs of the cell-associated E®/in the “fight club” cultures were 4.70 x

107 (SD + 9.72 x 18 and 5.14 x 1D(SD * 3.42 x 1f) respectively. In simpler terms

the VCN of the cell-associated EMé-in the “solo” cultures were x3.6 and x2.8

higher respectively than the EhV-86 calbociated VCN in the “fight club” cultures

at the same time points (i.e. 72 % and 65 % less cell-associated EhV-86 genomes in
the “fight club” cultures respectively, Figure 4.10 A). Also, at these same time points
(i.,e. 12 h and 48 h post-infection), the VCNs of free E6Vin the “solo” cultures

were 1.40 x 1D(SD + 2.27 x 1) and 8.52 x 1D(SD + 4.37 x18) respectively, and

the VCNs of the free Eh'$6 in the “fight club” cultures were 1.14 x 10° (SD + 1.52

x 10°) and 4.87 x 1D(SD # 2.71 x 19 respectively. In simpler terms, the VCN of
the free EhV86 in the “solo” cultures were x 1.2 and x 1.7 higher respectively than

the EhV86 free VCN in the “fight club” cultures at the same time points (i.e. 18 %

and 42 % less free Eh¥6 genomes in the “fight club” cultures respectively, Figure

4.10 A).

Although at the end of the experiment (i.e. 168 h post infection) the amount of cell-
associated EhV-86 in the Em6 “solo” cultures was similar to the amount of cell-
associated EhV-207 in the ER7 “solo” and EhV-207 “fight club” cultures (Figure

4.10 A), there was a dramatic decrease in the amount of cell-associated EhV-86 copy
number in the “fight club” cultures, with an average low of 3.13 x 1 mL™ (SD +

1.88 x 18), more than x 1000 times less than the number of EhV-207 in these same
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cultures (Figure 4. 10 B). Finally, the amount of free EhV-86 at the end of the
experiment was lower than the amount of free BiV-in both the “solo” and “fight
club” cultures (Figure 4.10 B); i.e. EhV-86 “solo”™ 4.51 x 18 (SD + 1.06 x 19,
EhV-207 “solo™ 6.71 x 16 (SD # 1.67 x 16), EhV-86 “fight club™- 2.87 x 18 (SD

+9.78 x 16), and EhV207 “fight club”- 7.09 x 16 (SD # 2.54 x 18).
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4.4. DISCUSSION

The design of strain specific genetic markers enabled the atathdbstinguish the

virus production of these two virus strains in simultaneously infected E. huxleyi host
cultures, determine the competitive interactions of these viruses over the host, and
identify potential differences in their infection dynamics. The qPCR primers were
designed after the full genome of EhV-86 was BLAST searched against the full
genome of EhV-207. The result of this homology search (also validated by PCR)
revealed that each primer was strain specific and not present in any of the other EhV

strains in the IMG/ER database.

To date, differences in infection dynamics of different coccolithovirus strains have not
been observed and this is the first time where these dynamics are investigated in detalil
in controlled laboratory conditions. In addition, this is the first time that the
competitive interactions between strains of marine viruses; an issue usually ignored by
marine virologists, has been studied. When infecting in combination, EhV-207 was
not affected by the presence of EhV-86 whereas EhV-86 was, and a significant
reduction in free and attached EhV-86 VLPs was seen two days post the initial
infection. This means that when co-infecting, the E6\strain was “beaten” and its
persistence in this experimental setup was under threat. The significance of the results
here are potentially crucial and even fundamental in the understanding of how viruses
interact with their hosts and each other, and in establishing the outcome of an

infection in the environment and its significance for biogeochemical cycling.
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4.4.1. The losers and winners of the virus “fight club” — a numbers game

Throughout the experiment EhV-207 was superior to EhV-86 in that it was a faster
replicating virus that killed the host population much quicker, regardless of whether it
was co-infecting with EhV-86 in the same experimental environment or not. Hence
even without considering the interactions within the “fight club” cultures, EhV-207

could potentially be deemed a “superior” strain to EhV-86, at least with regards to

their infection of E. huxleyi CCMP 2090 under these laboratory conditions. The
dramatic increase in Eh¥97 VLPs 24 h post infection in the “solo” and “fight club”

cultures and the subsequent decrease in host population density thereafter indicates
that at this point there were more EhV-207 than EhV-86 virions available for further
infection. Two possible explanations support and can provide clarification to this. The
first is that for some currently unknown reason either EhV-86 remained latent within
the host cells for longer than EhV-207 or/and that EhV-207 unpacked, replicated,
assembled, and re-packed its genome into new virions within the host cells much
quicker than its EhV-86 rival (presumably through the altered expression of shared
genes or the expression of unique genes), and subsequently released these quicker

from the infected cells.

This can explain why 8 h post-infection, there were already more free EhV-207 VLPs
than EhV86 VLPs in the “solo” cultures. If this is to be extrapolated onto the “fight

club” cultures then this would mean that 8 h post-infection EhV-207 already had a
numerical advantage over EhV-86 (due to their principal different infection strategies
and infection dynamics characteristics). Hence past this point, EhV-207 was most
likely responsible for the demise of the majority of the host cells within these “fight

club” cultures, leaving EhV-86 less hosts for its own replication. The second
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explanation, one where the final outcome was the same, is that the amount of VLPs
produced per infected host cell was much higher when hosts were infected by EhV-

207 than EhV-86.

This might have been either due to different levels of resistance within the host
population to these two virus strains or due to some fundamentally different unknown
genetic characteristic of the two viruses. With regards to the later, EhV-207 has an
extra tRNA not found in the genome of EhV-86 and also 49 genes (of which 47 have
no assigned or predicted function) that have no homologs with EhV-86. Among these
are two genes predicted to encode for glycosyl-transferases. Although rare in viruses,
glycosyl-transferase encoding genes have been previously reported in bacteriophages,
poxviruses, herpesviruses and baculoviruses (Markine-Goriaynoff et al., 2004). In
some bacteriophages, they have the ability to modify the virus DNA in order to
protect it from host restriction endonucleases, and in Chlorella viruses such as PBCV-
1 they have been implicated in the synthesis of glycan components of the virus major
capsid protein (Zhang et al., 2007). Hence the presence of these genes could be
beneficial in EhV-207 and aid in its faster genomic assembly and capsid construction
prior to release from the infected cells. Regardless of the mechanisms involved, EhV-
86 appeared to be a poor competitor to EhV-207 and lost the battle over infection and
replication when co-infecting with EhV-207, evident by the much lower number of
free and attached Eh8 VLPs in the “fight club” cultures (as opposed to the EhV-86

“solo” ones).

Another aspect that is worth considering during the analysis of these complicated

interactions is that most likely there have been occasions during which a single host
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cell was simultaneously infected by both virus strains. In this case, an internal intra-
cellular battle over the host cellular metabolic machinery would have occurred
between the two viruses. Such a scenario could explain the lower amount of total free
VLPs in the “fight club” cultures in comparison to the free EhV-207 “solo” ones 12

hrs post infection (AFC data), and the higher total amount of free VLPs in these
cultures in comparison to the EMé-“solo” ones (AFC data). Evidently, this might

have been the tipping point at which EhV-86 lost the battle to EhV-207. The gPCR
results showed that at this time point indeed there were less cell-associated or attached

EhV-86 VLPs in the “fight club” cultures than in the EhV-86 “solo” ones.

Such a scenario although theoretically possible is maybe less likely due to the mutual
exclusion theory proposed by Luria and Delbruck (1943) in whiahas proposed

that a virus particle that infects first a host cell alters it to the extent of which a second
infection by another virus is unlikely. This was indeed shown to be the case in the co-
infection of Chlorella by two closely related viruses PBCV-1 and NY-2A (Greiner et
al., 2009). In this previous study, infection by the PBCV-1 virus depolarised the host
cell membrane to exclude further infections by NY-2A. However the genomic
comparison in Chapter 3 suggests that genes have been indeed transferred between
closely related virus strains, possibly a result of co-infection and retrovirus
involvement. Hence it is not currently known whether mutual exclusion mechanisms
such as the ones observed in Chlorella exist in coccolithoviruses, but it is worth

considering and investigating further.

Finally, comparing the virus copy number (VCN) of free to the VCN of attached

EhVs revealed an aspect never observed before in the study of coccolithovirus

121



replication within the host cell. The fact that at each time point the cell-associated
VCN was higher than the free and detached VCN suggests that not all the newly
synthesizedgenomes were packed into virions and released from the cells. This
indicates that there is a currently unknown factor that limits the amount of virus
progeny produced by the two viruses per an infected host cell and that there is an
unknown mechanism that determines the final amount of new viruses produced. The
limiting factor could be that there is simply not enough “raw” material in the cells to
produce a large quantity of capsids that will encapsulate all the newly produced
genomes. Alternatively it could be that there is a limited amount of virions that can be
encapsulated by the disintegrating host membrane and that there is an inadequate
amount of lipid rafts for budding from the host cell. Either way this is an important
observation that might explain to a certain extent the observed differences between
free and attached virus copy number. If EnV-207 is better at utilising the raw material
and produces more lipid rafts within the infected host, this will provide it with an

advantage over EhV-86.

4.4.2. The ecological significance of the virus “fight club”

To date, interactions within algal blooms have been seen as two dimensional “battles”
between algal and/or bacterial hoststheir viruses (or versus their zooplankton
predators). However, a thrdimensional “battle” of hosts vs virusesvs other viruses

is something that needs to be taken into account when trying to understand current
microbial interactions and the role of marine microorganisms as bio-geochemical

catalysts.
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Although only observed here in a laboratory experiment, the results of this study can
be extrapolated to natural systems, where indeed there is mounting evidence that such
processes occur. For instance, during coccolithophore blooms in the North Sea and a
Norwegian fjord, there as more than one E. huxleyi genotype at any given time and
at least an order of magnitude more coccolithovirus (or EhV) genotypes (Wilson et al.,
2002b; Martinez et al.,, 2007, 2012). In a recent mesocosm experiment in the
Norwegian fjord (Sorensen et al., 2009), it was observed that the number of distinct
EhV genotypes decreased with the propagation of an E. huxleyi infection; i.e. early on
during the development of the bloom the EhV community was more diverse and there
were more distinct EhV genotypes (detected by DGGE) then towards the end of the
bloom (Figure 4.12). Hence the observations in this Chapter together with the field
studies strongly suggest that coccolithovirus competition is fierce. Moreover, if the
phenotypic characteristics of coccodithiruses vary (as can be seen from the “fight

club” experiment) and the outcome of an infection is influenced by the competitive
interactions between different viral strains, then the propagation of an infection in a
natural environment (and as a consequence the demise of the host population), will
influence the rates of carbon and nutrient cycling (Wilhelm and Suttle, 1999), the
export of carbon into the deep ocean (Thingstad and Lignell, 1997; Brussaard et al.,
2008, Evans et al., 2009) and the potential release of climatically active compounds
such as DMS and DMSP from the dying host cells (Evans et al., 2007). This finding is
crucial to biogeochemical models, which are currently based on the incorporation of
data of only one host and one virus, as different strains (as seen from this study) will
affect phytoplankton populations at different rates and therefore the rates of

biogeochemical cycling will also be influenced.
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Fig. 4.12.EhV diversity in a mesocosm study in a Norwegian fjord showDBG%E analysis of the
coccolithovirus encoded MCP gene, adapted from Sorensen et al. (200%tt@feindicate distinct
MCP bands confirmed by sequencing.

In a rapidly changing marine environment, whether due to anthropogenically induced
or naturally occurring physicochemical stress factors such as nutrient limitation,
variations in salinity levels, ocean acidification (i.e. carbonate chemistry alternations),
and increased sea surface temperature, it is important to understand the phenotypic
diversity changes that will occur within a microbial community and how these
changes will affect globally important processes such as biogeochemical cycling and
re-cycling. In a theoretical selection pressure scenario imposed by any of the
physicochemical stress factors mentioned above, some coccolithophore genotypes in a
given niche will survive and adapt to the changing conditions better than others. In
turn, coccolithoviruses that display the most efficient infection and replication
phenotypes (in this laboratory based instance, EhV-207 like strains) that correspond to

the most dominant host species or strain, will efficiently utilize the host biochemical
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machinery and propagate faster than coccolithoviruses that display slower infection

dynamics (for instance EhV-86 like strains).

If there are only two infection dynamics phenotypes similar to the ones displayed by
EhV-207 and EhV-86 (although in the natural environment there would be many more
different EhV genotypes displaying distinct phenotypes not tested in this study), and
the abundance of coccolithoviruses that possess these characteristics are in equal
ratios initially, then the coccolithoviruses that have the EhV-86 infection dynamic-like
phenotye (i.e. the losers of the “fight club” experiment) will be outcompeted (in this

round of infection) by those that have the EhV-207 infection dynamic-like phenotype
(i.e. the winners of the virus “fight club”). The ecological significance under the
described scenario would be a localised short-time rapid increase in the rate of carbon
export and recycling of nutrients, and the decrease in the total amount of nutrients and
carbon recycled, due to the faster infection dynamics displayed by the temporarily
dominant EhV-207 like strains. Alternatively, if EhV-86 like genotypes were to be
hypothetically the “winners” of these competitive interactions, then this would have
meant that the slower infection kinetics displayed by their infeatipmamics
phenotypes will allow the host population to reach higher densities, the result of which
would be also an increase in the total amount of carbon export and nutrient recycling
but on a longer time scale. Hence, the outcome of adithovirus fight club will
influence the timing of host-population crash, and as a consequence the timing and
amount of carbon and nutrients recirculated into the deeper ocean and within the

microbial food web.
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4.4.3. The evolutionary significance of the virus “fight club”

The evolutionary significance of virus competition is the fuelling of the co-
evolutionary arms race between the host and its virus. During the described
competition scenario, if the two strains were the only ones present in a given
environmental niche, then an increase in the fitness of EhV-207 would have resulted
in the decrease in fitness of EhV-86 to the point of its extinction or near extinction,
meaning that eventually EhV-86 like genotypes (and as a consequence,phenotypes)
would have disappeared from this niche and the local environment would have been
dominated by coccolithovirus strains with EhV-207 like phenotypes. Viruses
possessing these phenotypes, will infect the most dominant coccolithophore species
and/or strains in consistence with the “killing the winner” hypothesis (Thingstad and

Lignel, 1997), essentially transforming the host “winners” to “losers” with time. Then,

the new bst “winners” will most likely be a sub-population that is resistant to EhV-

207 like strains but possibly more sensitive to EhV-86 like strains (or other similarly
low abundance genotypes that have optimal infection strategies for these new host
“winners”). This fits within the virus-host stable co-existence theory in which was
hypothesised that the indeed it is to some extent the phenotypic plasticity of the algal
hosts and their ability to recover post virus infection that makes the co-existence of
these hosts and their viruses possible both on short and also on evolutionary time

scales (Thyrhaug et al. 2003).

The emergence of novel viruses with niche specific characteristics for infection, are to
a large extent, a result of these competitive interactions. For instance, in plants, the
occurrence of more than one RNA virus and their environmental association with their
host is common (Roossinck, 2005). If these viruses are similar to one another then

they will be in direct competition, whilst if they are not similar then they will not be.
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Indeed it was shown that plant RNA virus evolution occurs due to “survival of the

fittest” scenario, during which closely related viruses increased the positive selection

of some of these viruses over others (Roossinck and Palukaitis, 1995). Hence it is
right to conclude that the competitive interactions between the closely related
coccolithoviruses EhV-86 and EhV-207 will not only drive the fithess and evolution

of their hosts but also their own.

Finally, the competitive interactions displayed here by coccolithoviruses raise exciting
guestions with regards to the ability of these different strains to evolve strategies for
the utilisation of new resources; i.e. the infection of a new host. Recently it was shown
that resource competition between bacteriophages (i.e. competition over host
availability for infection and replication) promoted the evolution of novel
bacteriophage phenotypes with the ability to utilise new hosts, suggesting that this sort
of competition was essential for driving the evolution of host range expansion (Bono
et al., 2013). Although coccolithoviruses are fundamentally different from
bacteriophages with regards to their rate of mutation (much slower), a similar resource
competition over a larger time scale may explain the large amount of susceptible
infectious hosts to some coccolithovirus strains (personal communications with Dr.
Worthy from Rothamstead Research in the UK, and personal observations). It may be
that indeed this is what drives the transformation and emergence of generalist

coccolithovirus morphs, capable of infecting an array of new hosts.
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4.5. CONCLUSIONS

The study of the intense competitive interactions within the virus “fight club” revealed

a complex picture. Whether a particular coccolithovirus strain (and all its associated
genomic, proteomic, and metabolomic characteristics) will proliferate in the
environment will most likely be determined by its ability to co-evolve with one or
more host genotypes and outcompete other viruses less fit in a particular environment
or during a particular situation. One can only imagine the complexity of the
interactions described here in naturally occurring blooms where at any given time
there would be many different coccolithophore genotypes (and subsequently
phenotypes) and an even larger number of distinct coccolithoviruses. Many will
display distinct infection dynamics beyond the scope and results of this chapter.
Further large scale characterisation of coccolithovirus genotypes and their observed
phenotypic characteristics during infection, and the analysis of their phylogenetic and
functional biodiversity (as seen in Chapter 5) will shed a new light in the evolution of
these“clever’ molecular parasites and their place in microbial oceanography and

biogeochemical cycling of the oceans.
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5. ENVIRONMENTAL COCCOLITHOVIRUS BIODIVERSITY
AND ITS POSSIBLE IMPLICATIONS ON NICHE
ASSOCIATION AND SPHINGOLIPID METABOLISM

5.1. INTRODUCTION

So far coccolithoviruses have been studied in mesocosm systems (Martinez et al.,
2007), natural open ocean blooms (Wilson et al., 20B2ave et al., 2011), and in
laboratory based experiments (Vardi et al., 2006; Pagarete et al., 2001, 2009; Frada et
al., 2008; Bidle and Kwityn, 2012). With the recent sequencing of laboratory isolates,
glimpses into the diversity of these viruses at the genetic level have been observed
(Wilson et al., 2005Allen et al., 2006pNissimov et al., 2011a, 2011b, 2012a, 2012b
Pagarete et al., 2012; and Chapter 3). Genomic analysis of coccolithoviruses isolated
from different geographical locations has shown that they differ at a number of
genomic loci; however the functional relevance of this has yet to be determined
experimentally and an insight of the differences in infection dynamics of different

coccolithovirus strains was provided in Chapter 4.

Problems have arisen when extrapolating the diversity characterised in the laboratory
to naturally occurring virus communities. Viral isolates studied in the laboratory often
represent the most abundant virus strains present at the time of isolation (often
dependant on the most abundant host at that time), and are biased towards isolates
capable of infecting established laboratory strains of Emiliania huxleyi and may or
may not be environmentally relevant. Indeed, during natural conditions in the oceans,
many different viral strains compete with each other for infection and replication (also
seen in laboratory studies, see Chapter 4). Some will be more successful than others.

The ‘winner’ is determined by a plethora of transient environmental conditions,
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creating an ever-changing landscape to adapt and evolve to. It is this intense selection
pressure that contributes to the diverse pool of genes observed in the handful of
‘model’ strains characterised to date. However, reliance on a limited number of strains

to infer ecological functional relevance of a group often ignores the diversity and

variation found in the natural environment.

Traditionally, the DNA polymerase gene (DNA pol) is used to study the diversity and
phylogeny of phycodnaviruses (algal viruses) (Chen et al., 1996). In recent years the
gene encoding the major capsid protein (MCP) has also been used as an alternative
marker, capable of distinguishing phylogenetic differences on a strain level. Several
research cruises have used these markers to observe the diversity of coccolithoviruses
in natural blooms. The first study looked at the temporal succession of Emiliania
huxleyi and their viruses during the propagation of a natural bloom in the North Sea in
1999 (Martinez et al., 2012), whilst another cruise in the North Atlantic between
Iceland and the UK in 2005 focused mainly on the distribution of coccolithoviruses,
their location specific distinctions and their clustering with the use of the MCP marker

gene (Rowe et al., 2011).

Despite these efforts, there are many questions that still remain unanswered. For
example, it is not currently known how the viruses persist during non-bloom periods.
With the exception of coccolithovirus sequences extracted from Black Sea sediments
(Coolen 2011), the diversity of the coccolithoviruses in non-bloom conditions is
poorly understood. Given the harsh conditions to which viruses are exposed to in their
natural environment (i.e. UV degradation, attachment to non host organic particles and

sinking), it is somewhat surprising that infection, and the resulting bloom termination,
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occurs regularly and reliably on a yearly basis. Yet, perhaps, the most important
guestions left unanswered (in this and the majority of virus systems under laboratory
study) is what is the functional relevance of the observed biodiversity, and how does it

impact on the ecology of the virus community and their interaction with their hosts?

In this Chapter the aim is to investigate both the biogeographic and temporal
distribution of coccolithoviruses and their diversity with the established MCP marker,
whilst also targeting a previously discussed gene whose protein is of known metabolic
function during infection, serine palmitoyltransferase (SPT). SPT is the first and rate
limiting enzyme in the de novo sphingolipid biosynthesis pathway and is encoded on
the viral genome (Wilson et al., 2008an et al., 2006Monier et al., 2009). It has

been implicated in the formation of lipid rafts and virus release during infection
(Pagarete et al., 2009), and is even considered to be involved in the mass termination
of coccolithophore blooms via the propagation of programmed cell death (PCD) of its
host (Vardi et al., 20Q9Bidle and Vardi, 2011 Vardi et al., 2012). SPT gene
expression has been observed during infection of E. huxleyi under both laboratory and
natural conditions, and the enzyme’s activity fully characterised (Allen et al., 2006c;

Han et al., 2006Pagarete et al., 2009).

Here, the two genes (encoding MCP and SPT) are used as markers for phytageny a
functionality in a study attempting to assess both spatial and temporal variability,
using an archive of DNA samples collected during a cruise in the Atlantic in 2010, a
coccolithophore cruise in the North Sea in 1999, and samples collected weekly during
a seven year period from the Western Channel Observatory in the English Channel

near Plymouth, UK. By obtaining samples from a variety of locations and time points,

131



and using the two marker genes, the current understanding of the classification of
these viruses and their distribution is improved, and an insight into their functional

biodiversity and ecological relevance is revealed.
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5.2. MATERIALS AND METHODS

5.2.1. Atlantic Meridional Transect cruise (AMT)

The Atlantic Meridional Transect is a research program that has been running since
1995 along a 13,500 km transect from the UK to the southern parts of the Atlantic
Ocean on board various UK funded research vesRelsitison et al., 2009The aims

of the cruise tracks undertaken over the years are to enable biogeochemical
measurements in the South and North Atlantic gyres, as well as gain understanding of
the nature of ecological variability of phytoplankton and bacteria, their role in carbon
cycling, and the exchange of active gases between the surface of theandehe
atmosphere in continental shelf regions near Northern Europe, Southern Africa and
Southern Latin America. During these transects core measurements such as salinity,
pH, temperature, nutrient composition, chlorophyll levels, DOM and POM
measurements are made with an attempt to elucidate the various biotic and abiotic
changes that occur in this large oceanic basin over time. To date, the AMT program
has contributed more than 200 peer reviewed articles and many graduate students in
the realm of marine sciences have had the opportunity to obtain data during these
cruises and incorporate their research with the core measurements taken in individual
or collaborative studies. Hence | participated in the annual AMT cruise (i.e. AMT-20)
from October to November 2010 and obtained samples that increased the spatial scale

of the coccolithovirus diversity aspect of my PhD research subject.

5.2.1.1. AMT-20 sample collection and stations
Seawater was collected twice a day (before dawn and at solar noon) through a
Conductivity Temperature and Density instrument (CTD) at stations along the

Atlantic Meridional Transect-20 (AMT-20) cruise track (www.amt-uk.org) (Figure
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5.1), between Southampton, UK and Chile, over a 6 week period frér@dber to

25" November 2010 (AMT-20 cruise: www.amt-uk.org/cruises/amt20). In total, 325
DNA samples were taken from 65 stations from five depths (Figure 5.2), each depth
corresponding to 97%, 55%, 33%, 14% and 1% light penetration. 10 L of seawater
from each sampling depth were filtered through a 0.2 um Millipore nitrocellulose
membrane filter (47 mm), the filters snap-frozen in liquid nitrogen and then stored at -
80°C for the extraction of DNA and the molecular analysis of coccolithovirus
diversity. Two further 1 mL sub-samples from each depth were fixed in 0.5%
glutaraldehyde for Analytical Flow Cytometry (AFC) of coccolithophores and

coccolithoviruses.
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Fig. 5.1. The cruise track of the AMT-20 on board the RRS James Cook (Oct-Nd¥) 2@th the 65
CTD stations sampled marked as blue dots. Several gaps in the samplinduexist occasional
malfunction of the CTD sampling rosette and limiting weather conditions.
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Fig. 5.2. Vertical profiles of 65 sampling stations over a crude chlorophyll (CHL) afghe annual

Atlantic Meridional Transect (AMT-20) cruise. CTD profiles at each statwene obtained and the
Deep Chlorophyll Maximum (DCM) region, which often corresponded tdigkt penetration levels
was also the deepest sample obtained for this study. The red circles indichirtth Atlantic Gyre

(NAG) and the South Atlantic Gyre (SAG) and the blue arrow is itetibn of the cruise. The raw
oceanographic data was obtained during the cruise and analysed by the(B@IBE Oceanographic
Data Centre) before it was incorporated into this study.

5.2.2. The Western Channel Observatory (WCO) time series

Marine biological and oceanographic time series stations have existed for over 100
years in the Atlantic and the Pacific Ocean (Fuhrman et al., 2006; Robinson et al.,
2009; Malmstrom et al., 2010). Today almost every coastal laboratory that specialises
in marine sciences and has access to small vessels has eréiatedseries for the
observation of biological and oceanographic trends over time; an important aspect in
climate change studies and ecosystem function observations. One such station is the
Western Channel Observatory (WCO) time series station- L4 (Figure 5.3), located 10
km south of Plymouth Sound in the Southern part of the UK (50° 15.00' N, 4° 13.02'

W, www.westernchannelobservatory.org.uk). It is one of the oldest series of
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observations in the English Channel, with samples and routine core measurements
being collected since the beginning of the” 2entury. Around the L4 station,
Emiliania huxleyi blooms are a common feature occurring almost annually typically
during summer months when conditions are most suitable for growth (Widdicombe et
al., 2010), with a low abundance of coccolithophores usually observed throughout the
year (Smyth et al., 2010). With additional funding during the last 20 years, this station
has turned into a fundamental tool for global climate change prediction research, the
modelling of biogeochemical cycles, phytoplankton primary productivity
observations, zooplankton composition analysis, and more recently studies on

microbially regulated processes and their genetic and metabolic biodiversity.

Plymou?:h

Figure 5.3.Western Channel Observatory (WCO) station L4, south of Plymouth, UK.

5.2.2.1. Western Channel Observatory (WCO) sample collection

For the samples that originated at the L4 site and were used in this Chapter, weekly
seawater samples of one L in volume were taken when possible between 2001 and
2007 from surface waters by a CTD sampling rosette. The collected water was

brought to the laboratory as soon as possible and was filtered through 0.45 pm
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Millipore nitrocellulose membrane filters (47 mm). The filters were then snap-frozen
in liquid nitrogen and stored at -80°C for future molecular analysis. The result of this
time series sampling effort were a further 117 total DNA surface seawater samples

available for the molecular analysis of coccolithoviruses.

5.2.3. DISCO cruise sample collection (1999)

An additional 144 extracted total DNA samples were obtained from the Plymouth
Marine Laboratory DNA archive. These samples were originally collected in June,
1999 on board the RRS Discovery during a phytoplankton bloom located in the North
Sea (East to West from -2.0° to 4.0° and North to South from 61.0° to 51.0°). The
diversity of coccolithoviruses and coccolithophores found during this bloom using
detection of the MCP gene fragment have been shown elsewhere (Martinez et al.,
2012), and therefore was not repeated in this study. Here, an SPT diversity study was

performed on the North Sea samples.

5.2.4. DNA Extraction, PCR and DGGE analysis

All samples (except the already processed DISCO samples) were subjected to a total
genomic DNA extraction following an adapted phenol-chloroform protocol as
described by Schroeder et al. (2005) (Section 2.3.6.). Extracted DNA samples were
subjected to a two-step nested PCR, DGGE fingerprinting, and a third step PCR prior
to sequencing. A detailed representation of the method used during the AMT cruise
and thereafter can be seen in Figure 5.4. Primers and reaction volumes for the
detection of the coccolithovirus Major Capsid Protein (MCP) by DGGE have been
described previously (Schroeder et al., 2002; Martinez et al., 2007, 2012; and Section

2.3.1 and 2.3.2.1). Primers for the detection of the coccolithovirus serine
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palmitoyltransferase (SPT) gene were designed manually following the multiple DNA
alignment of SPT from nine fully sequenced coccolithovirus genomes (EhV-84, EhV-
86, EhV-88, EhV-99B1, EhV-201, EhV-202, EhV-203, EhV-207 and EhV-208). All
PCR reactions were conducted in a VWR JENCONS Uno Thermal Cycler in 25 pL

final volume as described in Section 2.3.2.1.

For the first step of the nested PCR reaction with the first set of MCP primers, the

cycle conditions included an initial denaturation step at 95°C for 3 min, followed by

34 cycles at 95°C, 60°C and 74°C for 30, 60 and 90 sec respectively, and a final cycle
at 95°C, 60°C and 74°C for 30 sec, 5 min and 5 min respectively. Only samples that
gave a band when visualised by agarose electrophoresis after the first step were
subjected to the second PCR step. The cycle conditions in the second step of the
nested PCR reaction with the second set of MCP primers were the same as the first

step with the exception of the annealing temperature which was 55°C.

For the first step of the nested PCR reaction with the first set of SPT primers, the cycle
conditions included an initial denaturation step at 95°C for 5 min, followed by an
annealing gradient of decreasing temperatures of 66-56°C (i.e. 1 min at each
temperature), 34 cycles at 95°C, 56°C and 72°C for 30, 60 and 90 sec respectively,
and a final cycle at 9%, 56°C and 72°C for 30 sec, 5 min and 5 min respectively.
Again, only samples that gave a band when visualised by agarose electrophoresis after
the first step were subjected to the second PCR step. The cycle conditions in the
second step of the nested PCR reaction with the second set of SPT primers were the

same as the first step.
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All the samples that gave positive bands after the second steps were subjected to a
DGGE fingerprinting. The DGGE was performed using an Ingeny PhorU-2 system.

15 uL of nested PCR product (from PCR step 2) was applied directly onto an 8% w/v
polyacrylamide gel (acrylamide /N,N'-methylene bisacrylamide, 37:1, w/w) in 1 x
TAE buffer (40 mM Tris pH7.4, 20 mM NaAcetate, 1 mMBEBTA). A 30 to 60 %

linear denaturing gradient was formed using 20% and 80% denaturants (100%
denaturant being 7 M urea and 40% v/v formamide). 20 pL of marker (composed of
the single product from the nested PCR of ten laboratory strains) was used in the first
well of each gel. For SPT samples, electrophoresis was performed at a constant
voltage of 100V and a temperature of 60°C for 17 hrs. For MCP samples a constant

voltage of 200V was used for 3.5 hrs.

Following electrophoresis the gels were stained for 1 h in Milli-Q water containing 1
ng mL™* ethidium bromide then de-stained in Milli-Q water for 1 h, visualised on a
UV transilluminator (Syngene GeneGenius) and photographed using the Syngene
GeneSnap software. Bands of interest were excised and incubated in 30 uL of DNA
water at 4°C overnight and then 2 puL were used as a template for a final third step
PCR (prior to sequencing) following all the conditions of the second steps described
above (using MCH=2-GC and MCP-R2 or SPT-F2 [GGAATCTCGCGCGCG] and

SPT-R2) with the exception of the number of cycles used which was increased to 45.
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Fig. 5.4.AMT-20 sample collection through a 24 arm sampling rosette (upper feffipard the RRS
James Cook and the processing of samples, from filtration to mol@aglrprinting by PCR and
DGGE.

Sanger sequencing on the amplified samples aftertfRCR step was performed by
the LGC Genomics Sequencing Centre (www.lgcgenomics.com). Briefly, the
LifeTech (former Applied Biosystems) BigDye version 3.1 sequencing mix was used
for cycle sequencing. After the purification of the sequencing reactions by gel
filtration (Centri—-Pur 96, EMP biotech Berlin) the samples were run on an ABI 3730
XL instrument using POP7 polymer and standard run conditions for up to 1,000 nt

read length.

140



5.2.5. Bioinformatic analysis

Coccolithovirus isolate MCP and SPT sequences retrieved from GenBank and the new
environmental sequences (submitted to GenBank under accession numbers:
AB738836, AB738837, AB738838, AB738839, AB738840, AB738841, AB738842,
AB738843, AB738844, HE970437, HE970438, HE970439 and HE970440) were
aligned using the MEGA4 (version 4.0.2) multiple sequence alignment software
(Tamura et al., 2007). Prior to CLUSTALW alignment the primer sequences were
removed and the sequences were made the same length in order to decrease bias that

can arise from potential gaps and sequences with different lengths.

5.2.5.1. MCP and SPT 3D protein modelling

Translated MCP and SPT gene sequences from EhV-86 and EhV-99B1 were
modelled in order to determine their predicted secondary and tertiary protein
structures and to compare these to the protein folds of the new MCP and SPT
sequences obtained from the environmental samples in this Chapter. All full and
partial sequences were uploaded into the Phyre2 protein fold recognition server
(Kelley and Sternberg, 2009), and the final models of SPT and MCP were conducted
by Phyre2 using seven and six templates respectively in order to maximise
confidence, percentage identity and alignment coverage. The resulting theoretical
models were uploaded into the 3D protein structure analysis software: Jmol (Hanson
et al.,, 2013), Swiss PdBViewer (Guex and Peitsch, 1997), and Astex (Hartshorn,

2002).
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5.2.6. Analytical Flow Cytometry (AFC) of coccolithophores and their viruses
Coccolithophore and virus abundances were determined using a FACScan Flow
Cytometer (Beckton Dickinson, Oxford, UK) as described by Brussaard et al. (2000)
and in Chapter 2.2. Data files were analysed using the WinMDI 2.9 and

CellQuestPr8" software.
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5.3. RESULTS

5.3.1. Coccolithophore and coccolithovirus AFC

Analytical flow cytometric analysis revealed a very small number of coccolithophores
across the Atlantic transect, indicating that there was no obvious coccolithophorid
bloom during the AMT-20 cruise (Figure 5.5). The highest abundance of
coccolithophores was seen at the beginning of the transect in the first few days, where
the average cell number was 35-50 ‘MThen the number of cells decreased and
during the majority of the remaining transect there were on average 10 céll§he
number of cells peaked again to a maximum of 35'ndwards the end of the
Atlantic transect near the South East part of Latin America, as expected in regions of

higher productivity such as the Argentinean and Chilean continental shelves.
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Figure 5.5 Average coccolithophore abundance along the AMT-20 transect, North to South.
Coccolithophores were identified using their red fluorescerxcside scatter profiles during AFC
analysis.
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5.3.2. Coccolithovirus Major Capsid Protein diversity

Coccolithovirus MCP product was successfully amplified in a quarter (80 samples) of
the 325 samples collected during the AMT-20 transect. The majority of positive
samples displayed multiple distinct bands by DGGE analysis, indicating that there was
more than one coccolithovirus strain (or genotype) present in these samples. The MCP
fragments were detected at locations along the entire transect (Figure 5.6), even in
areas where host presence was not expected and was only observed by AFC in small
numbers (Figure 5.4); i.e. in the gyres. The number of distinct bands observed by
DGGE analysis decreased around the North and South Atlantic Gyres, as
phytoplankton abundance also decreased in these areas. The highest numbers of
distinct MCP bands were consistently detected at the Deep Chlorophyll Maximum
(DCM) region of each sampling station along the transect, and there was a significant
positive correlation between increased depth and number of distinct MCP bands

observed per sample (Pearson correlation, r=0.53) (Figure 5.7).

MCP products were also amplified successfully in 103 out of 117 L4 time series

samples (i.e. 83%). Hence, at the L4 sampling station coccolithovirus MCPs were
detected in all years (2000-2007), throughout each year. In the analysis by Martinez et
al. (2012) of the DISCO North Sea research cruise samples, out of a total number of
144 samples, they successfully amplified an MCP product from 132 samples (i.e.

91%).
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Fig. 5.6.Number of MCP bands in each sample on the AMT-20 transect, NoBibuth. The detection
of bands on the DGGE gels was after the second step of the nested PCR.
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Fig. 5.7.The number of MCP bands in each sample detected by DGGE &ivifhe?0 transect cruise.
There was a positive correlation of the number of distinct MCP bandsneitasing depth (Pearson,
r=0.53). 245 samples had no bands and 80 samples had one dwamdseincreasing with depth.
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Distinct MCP bands were successfully extracted and sequenced from the DGGE gels.
AMT samples yielded 33 unique MCP bands, and L4 samples a further 25. The new
sequences were used in combination with nine MCP gene fragments from the EhV
isolates described in Chapter 3 for multiple sequence alignment and a phylogenetic
analysis. Although DGGE analysis was based upon a 135 bp fragment, restrictions in
sequencing methodology allowed the reliable generation of sequence from only a 50
bp region of the MCP gene. Most AMT-20 and L4 sequences clustered into one of
five sub-clades of coccolithoviruses: denoted as A, B, C, D or E, alongside the
established laboratory isolates (Figure 5.8). However, nine new genotypes were
discovered (and subsequently submitted to GenBank): AMT2b-3 [DDBJ: AB738836],
AMT273-1 [DDBJ: AB738837], AMTt1-2 [DDBJ: AB738838], L4/23.04.2001/c
[DDBJ: AB738839], L4/12.07.2006/a [DDBJ: AB738840], L4/04.06.2007/a [DDBJ:
AB738841], L4/02.01.2006 [DDBJ: AB738842], L4/02.09.2002 [DDBJ: AB738843],

and L4/01.07.2003 [DDBJ: AB738844].
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Fig. 5.8 Evolutionary relationships of 58 MCP gene fragment sequences and fuirtbesequences
from laboratory EhV isolatesThe sequences were extracted from DGGE bands from the AMT-20
transect and the L4 time series samples, the nine sequences of labBhatostrains were obtained
from the NCBI database. In red are indicated novel sequences that clustée ofithe five already
known clades of EhV MCPs (A=EhV-86 and EhV-99B1 like, B= ERVa®d EhV-88 like, C= EhV-
202 like, D=EhV-201, EhV-203 and EhV-207 like, and E=EhV-BK&). The evolutionary history was
inferred using the Neighbour-Joining method (Saitou and Nei, 198&)optimal tree with the sum of
branch length = 0.54677874 is shown. The percentage of replicatentnwbgh the associated taxa
clustered together in the bootstrap test (10000 replicates) is shown tk&thmanches (Felsenstein,
1985). The tree is drawn to scale, with branch lengths in the saits as those of the evolutionary
distances used to infer the phylogenetic tree. The evolutionary distesectescomputed using the
Maximum Composite Likelihood method and are in the units of theber of base substitutions per
site (Tamura et al., 2004). Codon positions included were 1st+2nd+3ndediog. All positions
containing gaps and missing data were eliminated from the dataset (Complete dgition There
were a total of 50 positions (bp) in the final dataset. Phylogenetic analgsegonducted in MEGA4
(Tamura et al., 2007).
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5.3.3. Structural implications of MCP diversity

Despite the short MCP fragment the analysis was based upon, the coccolithoviruses
displayed high diversity with nucleotide polymorphisms observed at 14 of the 50
nucleotide locations under analysis (Figure 5.9), which corresponded to just three
amino acid changes when translated (Figure 5.10). The majority of the novel
environmental sequences differed from the EhV isolate sequences at one amino acid
position; e.g. a single phenylalanine replaced by serine, or valine replaced by
isoleucine. The AMT-20 sequence AMTt1-2 differed in two amino acids from the
known EhV isolate sequences; alanine replaced by serine, and valine replaced by
isoleucine. Using the full length MCP from EhV-99B1, the 3D protein structure of the
predicted major capsid protein was modelled in order to reveal possible structural
differences resulting from MCP sequence diversity. 74% of the final model of the
EhV-99B1 MCP protein (Figure 5.11) was modelled with an accuracy of >90%, based
on the following six protein structures on the Protein Databank in a decreasing order
of alignment coverage and % of confidence: 1J5Q, 1M4X 1M3Yal, 1M3Ta2, 3SAM,
and 2WO0C. The MCP protein of EnV-99B1 was modelled again several times with the
newly obtained sequences from the AMT-20 transect and L4 time series, incorporated

into its sequence and replacing the original 50 bp sequence in this gene.

When modelled in 3D, the coccolithovirus diversity observed within the variant
sequences was predicted to have negligible, if any, impact on overall tertiary structure
(data not shown) of the EhV-99B1 MCP. Indeed, even the potentially greatest change
between the small, polar serine and the large, hydrophobic phenylalanine in the
incorporated sequences had no impact whatsoever on the predicted structures. This

was most likely due to the high degree of structural conservation, regardless of their
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primary sequence, observed in all major capsid proteins and virions studied to date

(Bamford et al., 200Krupovic and Bamford, 2008, 201Abrescia et al., 2012).
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Fig. 5.11 3D model of the hypothetical structure of the full MCP protein (496eaapded by the
laboratory isolate EhV-99B1.
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5.3.4. Coccolithovirus seringalmitoyltransferase (SPT) diversity

Despite the success with the MCP marker, SPT gene fragments could not be amplified
in any of the AMT-20 samples. However, 335 bp products of the coccolithovirus SPT
fragment gene were amplified in 41 L4 samples (35%) from a total of 117. Of the 144
DISCO cruise samples, 65 (45%) successfully yielded an SPT product. In total 14 and
16 distinct bands were successfully extracted and sequenced from the L4 and DISCO
SPT DGGE gels, respectively. Phylogenetic analysis of a sequenced 207 bp region of
these products revealed that most L4 and DISCO sequences clustered into one of four
sub-genotypes of the SPT gene: A, B, C, or D, and were similar to SPT fragment
sequences obtained from characterised EhV isolates (Figure 5.12). However at least
four new genotypes were discovered: DIS/29.06.1999/80m [EMBL: HE970437],
DIS/23.06.1999/100m/a [EMBL: HE970438] (E); L4/16.09.2002 [EMBL: HE970439]

and L4/15.07.2003 [EMBL: HE970440] (F).

5.3.5. Structural implications of SPT diversity

The amplified region of the SPT gene targets the most variable section of this gene
among laboratory isolates andresponds to the “linker” region between the two
domains of the SPT protein: LCB1 and LCB2. Based on full genomic sequences
available, the entire SPT from EhV-99B1 and EhV-86 were 3D modelled (Figure 5.13
A & B). 89% of the final models of the SPT protein were modelled with an accuracy
of >90%, based on the following seven protein structures on the Protein Databank in a
decreasing order of alignment coverage and % of confidence: 3LWS, 1BS0, 3HQT,
3A2B, 2BWN, 3TQX, 2W8W. In order to discover whether the new environmental
SPT fragment sequences can affect the predicted structure of the entire SPT protein

with its two subunits, the original “linker” of the EnV-99B1 SPT protein was replaced
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and substituted by these environmental sequences. Then these new hypothetical amino
acid sequences were re-modelled in the same way that the original EhV-99B1 and

EhV-86 SPT sequences were modelled.

From the secondary structure prediction (Figure 5.14) and the 3D models it was clear
that the “linker” region of the SPT protein has the potential to differ structurally
among strains and also influence the entire fold of the SPT protein. The two domains
LCB1 and LCB2 of the protein are potentially closer to each other in EhV-99B1 than
in EHV-86 (Figure 5.13) and this was most likely due to two amino acid changes in
the linker between the two domains; i.e. in EhV-86 tyrosine and glutamic acid were
both replaced by aspartic acid. The changes from tyrosine to aspartic acid affected the
position and the length of the first alpha helix in the sequenced region, resulting in a

shorter helix in EnV-99B1 (Figure 5.14).
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Fig. 5.12 Evolutionary relationships of 31 SPT gene fragment sequences. Thenseg were
extracted from DGGE bands from the L4 time series and the DIS@&e @amples, the nine sequences
of laboratory EhV strains were obtained from the NCBI database. lareeiddicated novel sequences
which cluster outside of the four already known clades of EhV SPIBEH¥X-163 like, B=EhV-99B1
like, C=EhV201, EhV-203, EhV-207 and EhV-208 like; and D=EmV-#nhd EhV-86 like). The
evolutionary history was inferred using the Neighbour-Joining me{Baitou and Nei, 1987). The
optimal tree with the sum of branch length = 0.08538966 is shdhe percentage of replicate trees in
which the associated taxa clustered together in the bootstrap test (10@@@ewps shown next to the
branches (Felsenstein, 1985). The tree is drawn to scale, with bragttislanthe same units as those
of the evolutionary distances used to infer the phylogenetic tree. Thetiewary distances were
computed using the Maximum Composite Likelihood method andhaheiunits of the number of base
substitutions per site (Tamura et al., 2004). Codon positions ettlagre 1st+2nd+3rd+Noncoding.
All positions containing gaps and missing data were eliminated from the d@aseplete deletion
option). There were a total of 207 positions in the final dataset. gdndic analyses were conducted
in MEGA4 (Tamura et al., 2007).
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In addition there were also potential differences between the modelled fold of the
protein when L4/16.09.2002 and L4/15.07.2003, and the DIS/23.06.1999/100m and
DIS/29.06.1999/80m sequences were incorporated into the EhV-99B1 sequence. The
first alpha helix in the L4/16.09.2002 and L4/15.07.2003 predicted structures of the
incorporated sequences were predicted to be longer than the same helix in the original
EhV-99B1, EhV-86, DIS/23.06.1999/100m and DIS/29.06.1999/80m structures
(Figure 14). The helix was 11 aa long and had an altered position. This was most
likely a result of an amino acid (aa) change immediately after the helix, i.e. proline,
serine and tyrosine instead of proline, serine and aspartic acid. The sequence PSY has
a net neutral charge while the sequence PSD is negatively charged. Regardless of this,
the predicted folds of the L4/16.09.2002 and L4/15.07.2003 derived sequences were
more similar to the fold of the EhV-86 SPT than the fold of EnV-99B1, and the folds

of DIS/23.06.1999/100m and DIS/29.06.1999/80m structures were more similar to the

fold of the EhV-99B1 than the EhV-86 version (Figure 5.13).
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Fig. 5.13 3D models of four different hypothetical structures of the SPT proteintal#ratory strain

EhV-99B1 isolated originally from a Norwegian Fjord, B) laboratdrgis EhV-86 isolated originally

from the English Channel, C) a 207 bp (or 69 aa) long sequeoethe DISCO cruise in the North
Sea incorporated and replacing an original 207 bp long sequence in the fulleS8€Df EhV-99B1,

and D) a 207 bp (or 69 aa) long sequence from the L4 samgiatipn in the English Channel
incorporated and replacing an original 207 bp sequence in the full SRTof&hV-99B1. In yellow

are highlighted the amplified regions between the two domainslL&®l LCB2 (i.e. the linker

between the two domains) and in green are seen the predicted betarshedda helixes of the SPT
proteins.
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Fig. 5.14 Secondary structure predictions and CLUSTALW alignment of: amplified 6@caagid
(207 bp long) regions of the SPT protein of four environmesgglences and two laboratory strains,
located between the two domains LCB1 and LCB2. Alpha helixes, begtssdnd a confidence scale
bar of the prediction are shown below each sequence. The variable réglmmgrdicted structures of
each sequence are highlighted in the black and purple boxes and also inryétlewlignment table.
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5.4. DISCUSSION

Previously, studies that have looked at the diversity of natural populations of
coccolithoviruses and/or their infection kinetics with their hosts have relied upon the
detection of VLPs via direct enumeration by AFC, occasionally in combination with
MCP molecular fingerprinting where and if applicable (Schroeder et al., 2002;
Martinez et al., 2007, 2012; Sorensen et al., 2009). However, these studies depended
on high numbers of host cells and their associated virus community. Here, with the
exception of the samples collected during the DISCO cruise which were during a
coccolithophore bloom, the focus was on environmental samples where there was no
obvious coccolithophore population present at the time of sampling or
coccolithophores were present but in very small numbers (such as the AMT-20

samples).

Until now, there has been little if any information on the “invisible” abundance of
coccolithoviruses under non-bloom conditions, a state in which the coccolithophore
host is found during thmajority of its life cycle in the world’s oceans. In support of

the “everything is everywhere” hypothesis (de Wit and Bouvier, 2006), the MCP

marker revealed that coccolithoviruses were indeed present along the entire Atlantic
transect and were not restricted to locations where host abundances were high. Even in
locations where the coccolithophore abundance was lower than tGameast one
dominant coccolithovirus genotype was detectible by DGGE fingerprinting. This
highlights the importance of using the right sampling approach when host and virus
numbers are low. The captured diversity in this study was successful largely due to the

filtration of large quantities of seawater through filters with very small pore sizes
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(although this can be also achieved as effectively by ultra-filtration and virus

concentration protocols not covered in this thesis).

Although the environmental physicochemical parameters recorded at the time of
sampling (i.e. the core measurements collected during the CTD sampling) were not
linked to the molecular data obtained in this study (future more comprehensive studies
will need to be undertaken), several ecologically relevant observations can still be
made. The first is that the number of distinct MCP bands representing different
coccolithoviruses increased with increasing depth. This raises interesting questions of
the ability of this group of viruses to “survive” in times of reduced activity and rate of
infection during non-bloom conditions. When distances between host cells are small,
viral infection is rife and the host population can be rapidly decimated, as seen under
E. huxleyi bloom conditions (Schroeder et al., 20BR)wever, viruses must “survive”

the lean times when host numbers are sparse. Exposed to, and at the whim of, the
environment, viruses will quickly perish, especially if they have no host to protect
them during times of high UV irradiation or in locations where the days are longer and
the virions are exposed to photo-damage for longer periods of time (Wilhelm et al.,
1998; Jacquet and Bratbak, 2003). A possible mechanism for evading such stress
factors could be their association with the deep chlorophyll maximum (DCM) region,
where the typical percentage of light penetrating is around 1% and the infection and
virus production turnover is likely somewhat slower as coccolithophore hosts require
sufficient light for their replication and subsequent bloom formation. Although in
principle free floating viruses in the water column have no way of controlling the
depth that they are at, the fact that on thé&amic Ocean transect their diversity

increased with depth towards the DCM region could be due to the lack of sufficient
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hosts for attachment and adsorption and as a consequence their subsequent sinking
and attachment to ndmest material in the form of “marine snow”. Hence, indirectly

the depths could harbour the diverse reservoirs of genetic potential exploited under
bloom conditions overhead, in an ‘infection from below’ dynamic, which is reliant on

vertical mixing of the water column. Most likely both host and virus are transported

up to the surface together and when the host increases in numbers at the beginning of
a bloom and its biomass is high enough, active large scale infection can begin. Such a
hypothesis can be supported by the observation that most samples from the DCM
region at the AMT-20 transect had a larger number of MCP sequences than the
samples from shallower depths, and thus a higher diversity of coccolithovirus

genotypes.

The second ecologically-relevant observation from this study is that coccolithoviruses
appear less diverse with regards to their phylogenetic classification than previously
thought, at least with regards to the markers used, evident by the detection of
sequences across the Atlantic transect with 100% similarity to sequences from
laboratory EhV strains. Most MCP sequences clustered into one of the already
established coccolithovirus clades and only MCP sequences obtained from a few
locations exhibited potentially new coccolithovirus genotypes. The former can be also
said about the L4 station where a small number of new coccolithovirus genotypes
were also present several years after the original isolation of the laboratory EhV
strains from the same location. Further support for the somewhat smaller phylogenetic
diversity of coccolithoviruses comes from the previous MCP analysis conducted by
Martinez et al. (2012) on the DISCO North Sea samples and from the analysis

conducted by Rowe et al. (2011) in the North Atlamtltere it was also shown that
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the MCP gene fragments in these distinct locations were similar to the ones found in
laboratory EhVs isolated originally in 1999 at the English Channel L4 station. This
however needs to be taken with a slight caution as the phylogenetic analysis in this
Chapter was based on sequences that were only 50 bp long and do not represent the
entire MCP gene sequence. In addition there might have been a slight bias towards
strains similar to the ones upon for which these markers were developed. Given that
the markers were designed based on established laboratory EhV strains it is possible
that this is why they also only detected similar strains, and that genotypes with a more

diverse sequence might have been missed.

Nevertheless, proven and established molecular markers such as the MCP gene are
useful when the aim is to study natural samples where the preliminary information
about the sites of sampling and potential habitat range of the host is limited. However,
MCP is limited when attempting to make functional inferences based directly on the
phylogenetic diversity measurements. Therefore, a new genetic marker was developed
here, and an attempt was made to make such functional inferences. While the SPT
marker lacked the sensitivity and/or spatial coverage of the established coccolithovirus
MCP marker, structural (and thus potentially functional) differences were inferred
based on the information obtained from using it (i.e. the 3D models and their possible
ecological significance). A possible future step in their investigation would be to
express these different SPT types and assay the precise enzyme function and their
performance during infection. The later approach is likely to be successful due to the

already characterised EhV-86 SPT enzyme in the laboratory (Han et al., 2006).
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The lack of amplification of SPT from any of the AMT samples was intriguing. The
failure to detect the SPT gene from the AMT samples might have been a consequence
of detection limits, in that the primers that were used were just not sensitive enough
for these samples in which coccolithovirus numbers were presumably very low (they
were not detected by AFC). Alternatively, the SPT gene might have been absent or
present in a more divergent form in these samples that was undetectable by the
designed SPT probes. To date, all coccolithoviruses that have been isolated and
sequenced have been shown to harbour the SPT gene, regardless of their geographical
source of isolation (Wilson et al., 2Q0Allen et al., 2006bNissimov et al., 2011a

2011b, 2012a, 2012BPagarete et al.,, 2013) hence the absence of this gene in the

Atlantic based coccolithovirus communities is unlikely.

The SPT gene in coccolithoviruses is the product of a horizontal gene transfer event
from the host, and is unique in being the only SPT biochemically characterised that is
a fusion between the LCB1 and LCB2 domains (Han et al.,; 2006ier et al., 2009)

Since the target of the primers was the “linker” region between these domains, SPT

may still be present in the AMT coccolithovirus community, but as two distinct genes,
yet to be linked up. Future characterisation of the individual LCB1 and LCB2 domains
from both host and virus systems may shed some light on this theory. Nevertheless,
the 3D models of the coccolithovirus SPT protein suggests that the conformation of
the overall protein structure has the potential to be altered when the “linker” section is
different, even if this difference is a change in only two or three amino acids. Based
on these models, LCB2 and LCB1 are further away from each other in the EhV-86
encoded SPT than in the EhV-99B1 version of the predicted protein, and further apart

still in some of the environmental isolates (the “linker” section is the most diverse and
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the one influencing the entire fold of the two domains as seen in the sequence
substitution exercise above and a multiple sequence alignment of this gene). Given
that SPT is the first and rate limiting step in the sphingolipid biosynthesis pathway
(Han et al., 2006Michaelson et al., 2010), the distances between, for example, the
pyridoxal phosphate binding lysine located on the LCB2 domain and the cysteine
residue in the glycine motif on the LCB1 domain, may be crucial in determining the
rate and speed of co-factor binding to the SPT enzyme. If this is indeed the case then
the somewhat different amino acid sequence between the two domains demonstrated
in this Chapter could influence dramatically the rate of this reaction, the catalytic
capability of the enzyme and as a consequence the rate of the infection cycle. An
expansion of the work conducted by Han et al. (2006) in which they expressed the
EhV-86 encoded SPT in yeast would be a natural next step in the study of SPT

diversity and its impact on infection dynamics and E. huxleyi-virus interactions.

Indeed, the identification of clear infection dynamic differences in Chapter 4 between
closely related coccolithovirus strains, and previous work conducted during some of
my previous research (data not published or shown) where | showed clear differences
in infection dynamics between EhV-86 and EhV-V1 (the latter being a relative of
EhV-99BI1 that has the same SPT confirmation), suggests that ‘similar’ virus strains

can differ with regards to at least one aspect of the infection or/and replication cycle.
Clearly, no firm conclusions as to the exact genetic or metabolic basis for the
differences observed can be made. However, the observation that the virus isolates in
the virus “fight club” experiment managed to infect and produce virions in the

infected host cultures while exhibiting different infection dynamics puts the
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coccolithovirus encoded SPT enzyme and the pathway in which it is involved in as a

potential candidate for these observed differences.

The SPT enzyme, as previously discussed, is the crucial rate limiting step in the
sphingolipid biosynthesis pathway that appears to be of utmost importance during
infection (Bidle et al., 2007/Pagarete et al., 2009ardi et al., 2009Bidle and Vardi

2011, Pagarete et al., 201Vardi et al.,, 2012). The implications of this could be
important with regards to biogeochemical cycling in the oceans where nutrients are
being constantly reirculated via the “microbial loop” and “viral shunt” into different

trophic levels and carbon export to the deep ocean following viral-induced E. huxleyi
bloom termination (Suttle 2005; 2007; Brussaard et al., ;26@i8owski et al., 2008)
Previously, addition of viruses to seawater collected in the field led to 78 % reduction
in primary productivity, indicating the crucial importance of viruses as regulator
factors of phytoplankton communities and as a consequence biogeochemical cycling
(Suttle et al., 1990, 1992). There is currently no specific data available in the literature
that can speculate on the exact contribution of coccolithoviruses to the precise amount
of carbon export post viral infection however the number is most likely veryatigh
particular times of the year in which @mtithophores are the dominant phytoplankton
species. Hence one can only speculate the specific implications of infection by viruses
that vary in their infection strategies and the impact this might have on reducing

primary productivity and the consequences of this reduction.
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5.5. CONCLUSIONS

The use of phylogenetic markers such as the MCP gene are useful in the mapping of
coccolithoviruses on a spatial scale, and the investigation of genotype diversity on a
temporal scale, even when the number of virus particles is low and their detection
impossible by non-molecular based techniques. However, an investigation of a
conserved gene for phylogeny cannot reveal much about the functional characteristics
of a given community of viruses or particular strains. Therefore, additional markers
such as the SPT gene can be used in conjunction with the MCP marker which not only
provides additional diversity information, but also provides crucial insights into the
function and metabolic potential of the viruses under study. Moreover, an
investigation of functionally important genes and their 3D theoretical modelling can
provide an additional insight into the importance of these proteins, their possible mode
of operation, and raise new hypotheses that can be experimentally tested in the future
through infection dynamics experiments with coccolithovirus strains that exhibit these
SPT differences in combination with gPCR expression profiling and microarrays. The
results here provide further evidence that, the often ignored, intra-family biodiversity
could have real and measurable impact on community and ecosystem composition of

ecologically important groups of marine viruses.

Implicated in both cellular signalling and structural roles, virally encoded SPT control
over sphingolipid production appears crucial during infection (Han et al., Bodlé

et al., 2007 Pagarete et al., 200¥ardi et al., 2009Michaelson et al., 201®idle

and Vardi 2011 Vardi et al., 2012). Given that a distinct battle to control the
expression of the sphingolipid pathway occurs during natural bloom conditions and

mesocosms (Pagarete et al., 2009), the identified potential structural difference in
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SPT, and the determination that strains harbouring distinct SPTs do indeed display
different infection phenotypes needs further investigation. Whether the phenotypes
displayed are related directly to SPT function could not be determined in this study,
and the evidence at this stage is merely circumstantial. However this study takes the
first steps in the development of a new marker with a functional relevance. The
computer modelling of the SPT protein and its observed diversity, together with a
laboratory approach undertaken by many to establish its function during infection
suggest it is of crucial importance. The real power of such markers will be revealed
only after future studies, in which the activity of variant SPTs and their enzyme

kinetics are established.

The genetic manipulation of virus genomes in the future will hopefully allow these
questions to be addressed. For now, one needs to be content with the knowledge that
coccolithovirus diversity exists, it is measurable within the natural environment and,
crucially, this genetic diversity is translated into environmentally relevant phenotypes
and contributes to and impacts upon global ecosystem functioning. This study
represents the start of the journey to link biodiversity measurements to ecosystem

function.
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6. COCCOLITHOVIRUS ISOLATION AND GENOTYPIC
FINGERPRINTING

6.1. INTRODUCTION

Global phytoplankton communities and their assemblages change on both a temporal
and spatial scale and as a consequence their co-occurring and co-evolving viruses also
differ (Dandonnea et al., 200Bpeckel and Baumann, 2008; Malmstrom et al., 2010;
Gimenes et al., 2012). This change could be either the ‘disappearance’ of certain

strains (host and/or viral), the shift in dominance between strains due to local
adaptations to varied environmental conditions, or a genetic change during which
viruses or their hosts gain or lose particular features in order to enhance their own
survival and future success. The latter, although a rare event, is inevitable i
evolutionary terms due to the sheer number of players involved (i.e. phytoplankton,
bacteria and viruses). This is particularly true in the case of biological entities such as
viruses in which the genomes are relatively small and simple, and their lifestyle is

short with high generation turnover over small periods of time.

Given that it was already established in Chapter 3 that coccolithoviruses from
different geographical settings and those isolated from the same location several years
apart differ in their genomic composition through full genome sequencing, the
guestion over the genetic potential, size and diversity of the coccolithovirus gene pool
remains. Hence it is essential to isolate new viruses to expand our knowledge of this
interesting virus family. Indeed, the isolation of the last coccolithovirus was more than

a decade ago, and its comparison to other coccolithovirus strains isolated several years

after and the observed differences reported in Chapter 3, suggest that there is the
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potential for different coccolithovirus communities and specific isolates to display

significant genetic variation over the existing isolates.

To achieve this, a large scale screening of water samples collected at the L4 time
series station in the English Channel and from various locations around the UK was
performed against the potential infection of E. huxleyi CCMP 2090 in the attempt to
isolate new coccolithoviruses. A microarray based study and a PCR fingerprint
approach of newly isolated coccolithovirus isolates was performed to provide a

snapshot of their genomic potential.

6.1.1. Microarrays and their application

Established microarray based techniques have been utilised in order to investigate the
expression of genes through the analysis of messenger RNA transcripts. In medical
virology, microarrays have also been used in the discovery of viruses that are difficult
to culture through traditional techniques. For instance a retrovirus in prostate tumours
was discovered by virus chips that were designed to detect known virus groups
(Urisman et al., 2006), while viruses associated with respiratory tract infections in

children were also detected by the utilisation of DNA microarrays (Chiu et al., 2008).

Microarrays (usually immobilised DNA based oligonucleotide probes arrayed onto a
solid surface) have also been adopted in the marine realm of virus research. For
instance they were used to show for the first time the gene expression of PBCV-
during infection throughout its life cycle (Yanai-Balser et al., 2010) and Allen et al.
(2007) used genomic DNA hybridisation based on an array designed for the EhV-86
genome in order to reveal the genomic diversity among different coccolithovirus

isolates. In the latter study the EhV-86 array was used as a tool to investigate the
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genomic potential of the coccolithovirus family, its characterization, and study the
process of infection by EhVs through transcriptional data, revealing and
demonstrating the full power of the microarray. Although microarrays are currently
thought less accurate than &dled next generation sequencing (be it ‘digital
transcriptomics or full genome sequencing), and should be used in combination with
other molecular biology techniques, in this chapter they were used in order to provide
a preliminary insight into the diversity of new coccolithoviruses (prior to their future

genome sequencing) due to the constrains of time and funds.

6.1.2. Polymerase chain reaction and its applications

The polymerase chain reaction (PCR) was developed by Kary Mullis in 1985 (Mullis
and Faloona, 1987). Its applications in molecular biology span from the cloning of
DNA for sequencing and phylogenetic and functional studies of species, to the
diagnosis of infectious diseases and the establishment of genetic fingerprints of
microorganisms in different macro and micro environments such as the oceans and the
human associated microbiota. The basics of this method are the exposure of DNA to a
variation of thermal cycling and the use of specific enzymes such as DNA polymerase
for its exponential replication. Its exposure to repeated cycles of cooling and heating
for the separation of the two DNA strands, the use of enzymes and the addition of
short DNA fragments (i.e. primers that correspond to the mirror image of the ends of
the target sequences that one wants to investigate) are a central component in the
selective study of any DNA sequence of interest. There are many versions and
methods for PCR, but the most common one, and the one used in this chapter, is a
straight forward amplification of target sequences that belong to genes of a known or

predicted function.
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6.2. MATERIALS AND METHODS

6.2.1 Isolation of new coccolithoviruses

Water (1 L in volume) was collected by a CTD sampling rosette weekly from a time
series site (L4) located ~10 km off the coast of Plymouth, UK and also from various
coastal locations in English and Scottish waters during the last 15 years. Once the
water was collected it was filtered and concentrated via tangential flow filtration
system (TFF) as described in Section 2.2.3. The concentrates were then stored at 4°C
in the darkuntil future use. In 2011, concentrates from these samples were screened
against an exponentially growing culture of Emiliania huxleyi CCMP 2090 for signs
of infection and clonal isolates of new viruses were subsequently obtained, as
previously described in Chapter 2.2.3. In total ~3@hcentrates were analysed,
equating to 10 years of weekly sampling. In addition, two more concentrates, one
from the coast of Fife in Scotland and the other from the coast of Lossiemouth in

England were also screened.

6.2.2. Genomic DNA isolation and purification from four new coccolithoviruses

The concentration of the virus lysates, the purification and extraction of their DNA for
the microarrays, PCRs and full genome sequencing, was as described in Chapter 2.3.5.
Before the microarray analysis the DNA was quantified via a Nanodrop and its quality
assessed on a 2 % agarose gel electrophoresis. Then half of the DNA was used for the
microarray analysis and the other half was sent for next generation 454 genome
sequencing at the NBAF (NERC Biomolecular Facilities) centre in Liverpool, UK.
The results of the latter are not shown in this chapter as at the time of writing these

samples were still in the sequencing centre and the results were pending.
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6.2.3. Coccolithovirus microarray chips

The microarray chips for the analysis of coccolithoviruses were designed by Allen et
al. (2007) and were also previously used in the study by Pagarete et al. (2011).
Briefly, the arrays were constructed based on the complete genome sequence of the
coccolithovirus EhV-86. Each array chip included a total of 3571 gene probes of
which 2271 matched E. huxleyi ESTs and 1300 matched EhV-86 and EhV-163
genomic sequences (corresponding to at least two probes per predicted EhV CDS).
Each array chip contained five technical replicates (i.e. five meta-grids) with seven
subgrids on each consisting of 12 rows and 13 columns of spots representing different

gene probes.

6.2.4. Coccolithovirus genomic DNA labelling

The labelling of the template DNA was as described by Allen et al. (2007). Briefly,
the extracted and purified genomic DNA of the four new coccolithoviruses was used
as template in random-primed polymerization reactions by directly incorporating
fluorescent analogues of dCTP (Cy3-dCTP). In a reaction volume of 30 pL, 2.5 pg of
random Promega hexamers were mixed with 500 ng of template DNA, denatured at
95°C for 2 min and then cooled on ice. Then 4 pL of x 10 Klenow buffer (NEB), 1 uL
of ANTP mix (2.5 mM dGTP, dATP and dTTP), 1 uL of Amersham Cy3-dCTP and
20 Units of Klenow (large fragment of DNA polymerase |, exonuclease-free; NEB)
were added to the reaction mixtures. The mixtures were then incubated at 37°C for 16
h, after which the reactions were stopped by their heating at 70°C for 10 min. Finally

they were cleaned and purified by using a Centricon column (YM30, Millipore).
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6.2.5. Coccolithovirus DNA microarray hybridization

Labelled DNA was hybridized to the EhV-86 based microarray slides as previously
described by Allen et al. (2007). Briefly, before hybridization, the slides were
incubated for 1 h at 65°C in a prehybridization solution (x 3 SSC, 0.2% SDS, 1%
BSA). Then the slides were rinsed in distilled water followed by isopropanol and then
spun down in a centrifuge at 200 g. Then to the samples were added 7.5 pL of x 20
SSC and 1 pL of 10% SDS in a total volume of 50 pL. They were then denatured for
2 min at 95°C and left to cool to 65°C. Finally the samples were applied on to the
microarray slides, covered with an Erie Scientific Lifter Slip (22 x 50 mm), placed for
hybridisation at 65°C for 12 h, after which they were washed in 1 x SSC, 0.1% SDS,

and then dried by centrifugation at 200 g.

6.2.6. Acquisition, analysis and storage of data

Microarray slides were scanned using an Axon GenePix 4100A Microarray scanner
Fluorescent spot intensities were quantified using the ImaGene 9 (BioDiscovery)
software. For each array, a threshold intensity was chosen in order to indicate the
occurrence of positive hybridization of the template DNA to the microchip probes on
the slides, ranging from 700-900 (arbitrary units). The positive hybridization of the
template CDSs (or DNA coding sequences) of EhV-18, EhV-145, EhV-156, and EhV-
164 was represented by a single spot on each and one of the five meta-grids on four
subsequent array slides. Only probes that had signals above the threshold (i.e.
successfully hybridised) in three out of the five replicated spots were considered as a
positive presence of the corresponding CDS. The absence or/and the lack of detection

of a particular CDS in a given strain did not definitively indiaédeabsence, only a
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lack of successful hybridisation which could also be caused by variation in primary

DNA sequence, inserts or deletions.

6.2.7. PCR fingerprinting of coccolithoviruses

Genomic DNA was also subjected to PCR fingerprinting by using 96 primer pairs
(Section 2.3.1, Table 2.3), that were previously designed to amplify EhV-86 and EhV-
163 genes in a shotgun survey for the identification of novel functions for
biotechnological exploitation (Dr Mike Allen, personal communications). The PCR
was conducted in 96 well plates in a final volume of 50 pL reaction mixes as
previously described in Section 2.3.2.1.1. The cycle conditions included an initial
denaturation step at 95°C for 3 min, followed by 34 cycles at 95°C, 58°C and 74°C for
30, 60 and 90 sec respectively, and a final cycle at 95°C, 58°C and 74°C for 30 sec, 5

min and 5 min respectively.
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6.3. RESULTS

Four potentially new coccolithoviruses were isolated as a result of screening the L4
concentrates time series. The genomic DNA of these isolates was screened on an array
that was previously designed based on the full genome sequence of EhV-86 and a
PCR amplification of homologous genes within these viruses was performed by using
a set of primers designed for the amplification of gene fragments of EhV-86. The
EhV-86 array chips were used here as references and hence the hybridisation principle
of the array was employed here only to show the presence of genes that are similar to

those in the genome of EhV-86 in a presence/absence manner.

6.3.1. Sample screening and virus isolation

Out of more than 300 samples screened against an E. huxleyi CCMP 2090 host only
four lysed the host and therefore exhibited infection during the initial well plate
analysis. All four were successfully diluted to extinction through three rounds of
infection (complete lysis of the host culture occurred within one week), concentrated
and purified by a CsCI gradient as described in Chapter 2.3.5 (Figure 6.1) and
successfully produced primary lysate stocks (established by AFC as ~224/kA9

mL™) for future full genome sequencing, microarray analysis and PCR fingerprinting.
The new coccolithoviruses were named EhV-18, EhV-145, EhV-156 and EhV-164

and their source of isolation can be seen in Section 2.1.5, Table 2.3.

6.3.2. Genomic DNA extraction and assessment
The extracted DNA from the purified concentrated lysates of the four new viruses was
visualised by a 1% agarose gel electrophoresis (Figure 6.2) and quantified by a

NanoDrop, to reveal that each DNA sample had ~6QI0Y Half of this DNA was
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sent to a sequencing centre in Liverpool for complete genome sequencing and the

other half was used for the microarrays and PCR fingerprinting.

Fig. 6.1. CsCl gradient from four lysates of the newly isolated coccolithovirusks. White band in
each column is the concentrated virus fraction that was used for totahigeDNA extraction.

1 kbp 100 bp EhV-18 EhV-145 EhV-156 EhV-164

Fig. 6.2 Visual inspection of the isolated DNA from the lysate concentrates of EhE18;145,
EhV-156 and EhVL64.

6.3.3. Microarray analysis
Successful DNA hybridizations to the EhV-86 arrays were obtained for the newly
isolated coccolithoviruses (Figure 6.3). EhV-18, EhV-145, EhV-156 and EhV-164

hybridised to 72, 86, 76 and 272 EhV-86 CDSs probes respectively (Table 6.2). 170
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CDSs gave negative hybridisations (in at least three out of the five metagrid
replicates) and are presumably either absent or sufficiently different in sequence in the
strains tested. Of the 472 genes of EhV-86, 20 gave positive hybridisations in all four
isolates, including those genes with a known function such as ehv058 (Superfamily I
DNA/RNA helicases, SNF2 family), ehv061 (putative fatty acid desaturase), ehv128
(ERV1/ALR family protein), ehv361 (putative serine protease) and ehv463 (predicted

RNA-binding protein homologous to eukaryotic SnRNP).

The four strains exhibited three different profiling groups based on the positive and
negative detection of hybridised CDSs, with EhV-18 and EhV-156 exhibiting the most
similar hybridisation profiles. The hybridisation profile of EhV-145 was more similar
to the profile of EhV-164 than the other two strains, with the latter exhibiting the

highest similarity to the reference strain EhV-86 upon which the array was designed.
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EhV-18 EhV-145 EhV-156 EhV-164

et stvesote

Fig. 6.3. Positive hybridisations of the four new coccolithovirus isolates shaagither green, blue,
red or purple spots (top), and an example of one metagrid omglzin overlay of the four (bottom). In
the latter bright yellow spots are genes that exhibited hybridisation in akti@ims.

With regards to the genes involved in the de novo sphingolipid biosynthesis pathway,

ehv031 (sterol desaturase) and ehv050 (serine palmitoyltransferase) were only
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detected in EhV-164, ehv077 (transmembrane fatty acid elongation protein) was
detected only in EhV-156, and ehv079 (lipid phosphate phosphatase) was not detected
at all in any of the strains. Furthermore, the gene encoding for a putative phosphate
permease was also not detected in any of the strains, whereas the gene encoding for a

putative sialidase was detected only in EhV-145 and EhV-164.

6.3.4. PCR fingerprinting with EhV-86 primers

The PCR profiling of the four coccolithoviruses revealed in support of the microarray
data that EhV-145 and EhV-164 were the most similar isolates to the reference EhV-
86, with the highest amount of positive amplifications; i.e. many of the positively
hybridised genes on the arrays also showed positive amplifications with the PCR
fingerprinting in those two strains (Figure 6.4). In addition, positive amplification was
also observed of several gene fragments of an unknown function in EhV-156 and

EhV-18 that otherwise showed no array hybridisation (Table 6.1).
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Fig. 6.4.PCR fingerprints of four newly isolated coccolithoviruses on a 1%woagagel electrophoresis.
The first two lanes to the left of each image are a 1 kbp and 16®lggular weight markers and the
rest of the lanes (left to right) are the 96 amplified products, with theg&bpin each image
corresponding to products with primer sets 1-48 and the bottonrigedrp corresponding to sets 49-
96. Detailed information of the primers used in each lane can be s€ablen2.5, Section 2.3.1.
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Table 6.1 Positive hybridisation or/and detection by PCR amplification of 468 GD#% genomes
of four newly isolated viruses, clustered into three profiles based orsimdliarity to each other and to
the reference genome of EhV-86, with EhV-18 being the mosrdiff and EhV-164 the most similar
to EhV-86. Light grey: CDSs detected only by the array, dark @&ss detected by only PCR, and
black: CDSs detected by both the array and the PCR.

ehv001 ehv055
ehv002 ehv056
ehv003 ehv057
ehv004 ehv058 e
ehv006 ehv059
ehv007 ehv060
ehv008 ehv061
ehv010 ehv062
ehvo11l ehv063
ehv012 ehv064
ehv015 ehv065
ehv017 ehv067
ehv018 ehv070
ehv019 ehv072 I
ehv020 ehv073
ehv022 ehv075
ehv023 ehv077
ehv024 ehv078
ehv026 ehv080
ehv027 ehv081
ehv028 ehv082
ehv029 ehv084
ehv030 ehv087
ehv031 ehv092
ehv032 ehv093
ehv033 ehv095
ehv034 ehv098
ehv035 ehv101
ehv037 ehv103
ehv038 ehv104
ehv039 ehv105
ehv040 ehv106
ehv041 ehv107
ehv109
ehv043 ehvlll
ehv044 ehv113
ehv045 ehvll4
ehv046 ehvl15
ehv047 ehv116
ehv050 ehv118
ehv053 ehv119
ehv054 ehv121
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CDS EhV- EhV- EhV- EhVv- | CDS EhV- EhV- EhV- EhV-
18 156 145 164 18 156 145 164
ehv122 ehv185
ehvl24 ehv188
ehv125 ehv189
ehv127 ehv190
ehv129 ehv193
ehv130 ehv194
ehvi3l ehv196
ehv133 ehv197
ehv136 ehv199
ehv138 ehv200
ehv139 ehv201
ehv140 ehv202
ehvi41l ehv203
ehv142 ehv205
ehv143 ehv206
ehv145 ehv207
ehv146 ehv208
ehv147 ehv209
ehv150 ehv210
ehv151 ehv211
ehv152 ehv213
ehv153 ehv214
ehvl54 ehv215
ehv156 ehv216
ehv158 ehv218
ehv160 ehv219
ehvi6l ehv220
ehv162 ehv222
ehv163 ehv224
ehvi64 ehv225
ehv166 ehv226
ehv168 ehv227
ehv170 ehv228
ehvl72 ehv229
ehvl74 ehv230
ehv175 ehv231
ehv176 ehv233
ehv177 ehv234
ehvli78 ehv235
ehv180 ehv238
ehv183 ehv239
ehv184 I -nv240
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CDS EhV- | EhV- | EhV- | Ehv- [ CDS
18 156 145 164

ehv241 ehv293
ehv242 ehv294
ehv243 ehv295
ehv244 ehv296
ehv245 ehv297
ehv246 ehv298
ehv247 ehv299
ehv248 ehv300
ehv251 ehv301
ehv252 ehv302
ehv255 ehv303
ehv256 ehv304
ehv258 ehv305
ehv259 ehv306
ehv260 ehv307
ehv261 ehv308
ehv262 ehv309
ehv263 ehv3ll
ehv264 ehv312
ehv265 | CEE
ehv266 ehv314
ehv267 ehv315
ehv268 ehv316
ehv269A ehv317
ehv269 ehv318
ehv271 IR chvs20
ehv272A ehv32l
ehv272 ehv322
ehv273 ehv323
ehv274 ehv324
ehv275 ehv325
ehv279 ehv326
ehv280 ehv327
ehv281 ehv331
ehv282 ehv334
ehv283 ehv335
ehv284 ehv340
ehv286 ehv344
ehv287 ehv345
ehv288 ehv346
ehv289 ehv347
ehv290 ehv348
ehv291 ehv349
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CDS EhV- EhV- EhV- EhVv- | CDS EhV- EhV- EhV- EhV-
18 156 145 164 18 156 145 164

ehv350 ehv411

ehv351 ehv412

ehv352 ehv413

ehv353 ehv417

ehv354 ehv424

ehv356 ehv425

ehv357 ehv426

ehv358 ehv429

ehv360 ehv430

ehv361 ehv431

ehv363 ehv432

ehv364 ehv433

ehvs5 ehv434 i

ehv370 ehv435

ehv371 ehv437

ehv373 ehv439

ehv374 ehv440 I

ehv378 ehv441l

ehv379 ehv442

ehv380 ehv443

ehv3sl ehv444

ehv3s4 ehv445

ehv385 ehv446

ehv386 ehv447

ehv3s7 ehv448

ehv38s ehv450

ehv389 ehv451

ehv390 ehv452

ehv391 ehv453

ehv392 ehv455

ehv393 - X

ehv394 ehv460

env395 ehv461 1

ehv396 ehv462

ehv397 -I ehv463

ehv398 ehv464

ehv399 ehv465

ehv400 ehv466

ehv401 ehv467

ehv402 ehv468

ehv403

ehv407

ehv410

Profile Prof Prof Prof Prof Prof Prof

1 2 3 1 2 3
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6.4. DISCUSSION

In this chapter the genomic diversity of newly isolated coccolithoviruses (strains EhV-
18, EhV-145, EhV-156 and EhV-164) was shown through two sequencing
independent molecular techniques: PCR and microarrays. Each method has its own
technical limitations; i.e. they are not as accurate as a total genomic sequencing
approach. However, together they offer an efficient and rapid way to characterise
coccolithovirus genomic diversity in an economical fashion. While the arrays were
useful in categorising the new strains into separate profiles, they were biased towards
strains most similar to the reference genome EhV-86 for which the may®avere
designed, evident by the fact that more EhV-145 and EhV-164 gene fragments
hybridised to the arrays than EhV-18 and EhV-156 ones. The oligo probes on the
arrays were just 75 bases long and if significant variation occurred in this region,
hybridisation efficiency would have been affected. As a consequence even if the genes
that gave a negative hybridisation did exist in the genomes of the newly isolated
viruses, a sequence identity of <90% would have resulted in lack or partial
hybridisation to the arrays (Allen and Wilson, 2006, Allen et al., 2007). To explain
this further, a sequence that was different in eight or more bases would have not been

detected by the arrays.

Nevertheless, the fact that so many EhV-18 and EhV-156 CDSs were not detected by
the array suggests that these two viruses are genetically very different from the rest of
the cocdithovirus strains studied in this thesis. What is even more surprising is that
the geographical origin of isolation of these two viruses is the same as the origin of
isolation of EhV-86 and yet they are so different, while EhV-145 and EhV-164 are

from a much northern location and yet are more similar to EhV-86. This can be seen
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as a strong evidence for the “everything is everywhere, but the environment selects”
hypothesis and also as an additional evidence of the enormous diversity hidden within
the Coccolithoviridae family. In this theory, the Dutch microbiologist Bass Becking
originally suggested for the first time that closely related microbes have the potential
to be distributed globally and that in particular environments the reason they are often
not seen is because they are in very low numbers due to specific selection pressures
imposed by the environment (i.e. most of the microbial biodiversity is hidden) or and
possibly due to the limits in our ability to detect them with available techniques (de
Wit and Thierry Bouvier, 2006). However due to the lack of environmental data on
the isolation sites of some of these strains and the current lack in understanding of the
impact environmental triggers (and selection pressures) have in shaping
coccolithovirus communities it would be difficult to concur whether this hypothesis

stands in the case of the virus diversity and its comparison in this chapter.

Many genes that were “missed” by the arrays were picked up by PCR, in particular

those within strains EhV-145 and EhV-164. The products targeted by the primers for
the specific genes tested ranged from 200-1700 bp and were therefore affected less by
any substitutions, insertions or deletions outside the priming regions. Although the
PCR products were not purified, cloned and sequenced, and therefore the size of the
products were estimated only visually, it was a useful method that validated the results
of the arrays. The limitation of this method comes from the availability of primer sets
(which was limited to just 96 genes), and the target virus upon which they were
designed. A brief inspection of the amplification potential of the 96 primers used in
this study on the genome of EhV-202, another very different coccolithovirus (based

on the data in Chapter 3), indicates that none of these PCR primers would have
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resulted in a successful amplification of gene fragments found on the genome of EhV-
202. This indicates that EhV-18 and EhV-156 are most likely as diverse and distinct

as EhV-202.

6.4.1. Lack of hybridisation: true or false-negative?

Currently all fully sequenced coccolithoviruses were shown to have the four genes
encoding for the de novo sphingolipid biosynthesis pathway mentioned throughout
this thesis (Wilson et al., 2005; Nissimov et al., 2011a, 2011b, 2012a, 2012b; Pagarete
et al., 2013). Furthermore these genes are expressed during infection and are therefore
considered as an important feature during E. huxleyi-coccolithovirus dynamics
(Pagarete et al., 2009; Vardi et al., 2009, 2012). Hence it is somewhat surprising that
none of these genes were detected in EhV-18 and EhV-156, and that only some of
these genes were detected by the microarray in EhV-145 and EhV-165. Several
explanations can be put forward. The first is that these genes are not as crucial to
coccolithovirus infection and host demise as previously suggested, evident by the fact
that E. huxlgi cultures could be successfully infected by these latter virus strains.
However given the amount of literature that demonstrates the importance of
sphingolipid biosynthesis genes during infection it could simply be a matter of
methodological bias during one or more of the hybridisation steps or that the arrays

that were used in this study have exceeded their half life and were partially damaged.

Another more likely explanation could be that these strains were more similar to an
ancestral coccolithovirus in which only part of this pathway has been acquired from
the host. Further evidence for this comes from samples collected during the AMT-20

cruise (see Chapter 5) in which there was no detection of the SPT gene in any of the
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samples collected on the Atlantic transect, even in samples where there was indeed a
positive detection of EhV genotypes. A gradual acquisition of these genes during the
Coccolithoviridae evolutionary history and the possible substantial divergence of
coccolithoviruses at the nucleotide might explain their lack of detection here and in
the Atlantic Ocean samples analysed in Chapter 5. Although not fully assembled and
annotated yet, some preliminary data from the sequencing of EhV-18 in the
sequencing centre in Liverpool is already available (not shown in this study). It
suggests that the SPT encoded enzyme in EhV-18 is encoded by to separate genes,
one encoding for LCB2 and the other encoding for LCBL1. If the two protein subunits

in the SPT enzyme are yet to be linked in EhV-18 and other strains than this can also

explain the lack of their detection by the methods applied here and in Chapter 5.

A possible future expansion of this work shoutdloubtedlybe the design of primers

for the detection of all the genes involved in the de novo coccolithovirus encoded
sphingolipid biosynthesis pathway. If applied on samples from a sedimentary record
in conjunction with genes for EhV and host phylogeny, in a similar fashion to the
approach undertaken by Coolen in the Black Sea (Coolen, 2011), it would be possible
to discover when these genes were acquired, which one of the four was acquired first,
and possibly gain an insight into what evolutionary selection pressure drove their

acquisition from their host in the first place.
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6.5. CONCLUSIONS

The fingerprints of the newly isolated strains highlighted the potential of using
standard techniques such as PCR and microarrays in conjunction for the rapid
assessment of viruses isolated from a variety of water samples originating in distinct
geographical settings, when funds are limited and equipment for these methods is
within a researchés reach. The presence of a particular gene was confirmed by the
positive hybridisation to an oligo probe on the array and this was the most important
result that one can take home from this fingerprinting effort. In contrast, the absence
of genes cannot be confirmed with the methods used here as negative hybridisations
do not necessary mean a lack of a particular gene; i.e. the absence of evidence in this
case was not evidence of absence. Full genomic sequencing will ultimately settle the
matter definitively. In Chapter 3 was shown that each and every one of the seven
newly sequenced genomes harbours a set of unique genes distinct to all others.
However, novel genes within these four new coccolithoviruses could not be detected
by the arrays, as the chips and oligo probes were designed based upon the known gene
complement of EhV-86. Nevertheless, both approaches confirmed that strains EhV-18
and EhV-156 in particular are likely to be remarkably different to all known
coccolithoviruses to date, highlighting the enormous and the very much still
undiscovered genetic diversity hidden in the genomes of marine viruses The full
genomic sequencing of these viruses that is currently in progress will reveal the extent
to which these viruses are different from others in culture and reveal how diverse

these new viruses actually are.
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7. SUMMARY AND FUTURE STUDIES

In order to learn more about these fascinating coccolithoviruses (or EhVs), a three step
approach was undertaken. The first aimed at providing phenotypic information with
regards to the “behaviour” of different coccolithoviruses through infection dynamics
experiments of several EhV strains with their host. During this part, techniques such
as analytical flow cytometry (for host enumeration and virus production
measurements) and gPCR (for absolute DNA copy numbers of different viruses as an
indicator for virus succession post and during infection) were applied. It was shown
that coccolithoviruses characterised by a somewhat different genomic potential can
compete with each other and display distinct infection dynamic strategies. This
discovery is crucial as knowledge of the rate of production of infectious viruses is
essential to our current understanding of how these viruses influence the extent of host
reduction, and hence, the flow of dissolved organic matter (such as phosphorus,
nitrogen, and carbon) available to fuel microbial food webs in the oceans. This work
demonstrated how the evolutionary diversity of coccolithovirus genotypes has the
potential to affect infection dynamicddence, here for the first time was shown the
distinct differences in the rate of infection between different coccolithovirus strains
that were isolated at different times from a single geographical location and that their
rate of production is dependent on competitive interactions within a coccolithovirus
community. Moreover, the data generated is of great importance as it can be
integrated generally into marine-ecosystem models and specifically into food-web
models in the future in order to discover whether the flow of nutrients (and the amount
of nutrients) will be available to lower or higher trophic levels in a particular marine
environment following virus infection. The phenotypic differences of diverse
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coccolithovirus strains unveiled in this thesis are crucial as currently most models
incorporate only a single virus and do not take into account that these viruses can

affect their hosts differently.

Although traditional laboratory experiments are important in “behavioural” studies of
viruses, they provide only a glimpse of the invisible genomic diversity of viruses and,
as a consequence, their ability to successfully infect and co-evolve with their hosts.
Darwinian evolution theory dictates that the phenotypic properties of biological
entities derive from their genomic potential. Hence, the second aspect of this work
was to use computational tools in the analysis of the genomes of viruses infecting E.
huxleyi. This included the sequencing of seven EhV genomes, their annotation, and
comparison to reference genomes in the public domain, and the microarray and PCR
fingerprinting of four newly isolated coccolithoviruses. Fundamental differences in
the genomic composition of EhV strains isolated from different geographical settings
and also between strains isolated at the same location but at different times were

found.

A key finding of this research was the discovery of a large proportion of genes
potentially acquired from the host via horizontal gene transfer events (~13% of their
genome) and the presence or absence of genes known to be important as virulence
factors during infection in some viruses (i.e. sialidase). In addition all the fully
sequenced genomes had the genes that code for the de novo sphingolipid biosynthesis
pathway with the exception of the newly isolated viruses where microarray and PCR
fingerprinting failed to detect some of these genes (the reason for which is currently

unknown).
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The last part of this research was to validate the laboratory-based and comparative
genomics results to coccolithovirus diversity within natural systems. Indeed, the third
(and final) aspect was to look at the aforementioned phenotypic and genotypic
features in natural virus communities in the global ocean. Samples collected from the
Western Channel Observatory time-series site (L4) in the English Channel during the
last 15 years and samples collected previously from the North Sea were analysed. In
addition, environmental samples were also obtained from the Atlantic Ocean in order
to increase the spatial coverage of this study. EhV community fingerprinting was
conducted by the use of traditional molecular biology techniques such as PCR,
DGGE, and sequencing, with well-established molecular marker genes for EhV
phylogeny (major capsid protein; MCP) and for infection/function (serine
palmitoyltransferase; SPT). Indeed this was the first time that these two markers were
used in conjunction for phylogenetic and functional diversity of EhVs on a large
temporal and spatial scale. The results of the sample analysis were remarkable.
Although successful amplification of the MCP gene (=EhV identity/phylogeny) was
obtained for all (or most) samples, amplification of the SPT gene was only successful
in a small number of samples, suggesting that some EhV populations had an altered
SPT gene framework. This was particularly surprising given that all sequenced EhV
strains to date have the SPT gene residing in their genomes. This raised fundamentally
interesting questions with regards to the functional diversity of the virally encoded
sphingolipid biosynthesis pathway, its importance during infection, and its possible

absence or divergence in some strains.

To shed more light on the potential importance of the virus encoded sphingolipid

pathway, the tertiary structure of the fold associated with the multi domain SPT
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encoded protein from both laboratory coccolithovirus strains and the new
environmental SPT sequences was modelled. The fold of the SPT protein (and its two
subunits LCB1 and LCB2) is critically important for the binding of substrates such as
myristoyl Co-A and/or palmitoyl CoA to the active sites of this enzyme (Han et al.,
2006; Vardi et al, 2009, 2012; Monier et al., 2009; Michaelson et al,, 2010; Bidle and
Vardi, 2011). Strikingly, the modelled SPT protein fold was quite different among
strains, with the SPT fold of North Sea sequences being more similar to that of
Norwegian-derived EhV isolates, rather than those isolated in the English Channel. It
is not currently clear however whether environmental cues in these different locations
have influenced the evolution of this gene, the diversity seen in its 3D structure, or the

actual acquisition of this pathway in the cd@hovirus evolutionary history.

Nearly half of all proteomes studied to date are dominated by multi-domain proteins
or consist of several protein subunits. This number is proportionally higher in
eukaryotes, so it was not surprising that the virus encoded SPT, which has its origins
from its E. huxleyi eukaryotic host, is a multi-domain protein. What was patrticularly
notable and perhaps surprising was the observed difference in the predicted fold of the
two SPT subunits among EhV strains. In proteins, it is not unusual to see differences
in the length and composition of the “linker” connecting two or more domains. The

“linker” anchors the two domains together, establishing structural and functional
assembly of multi-domain proteins, and it has been shown previously that altering the
length of linkers connecting subunits can affect the stability of a protein, rates of

folding and protein orientation (Coen, 1996; Cohen. 2011).
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The intriguing and recent findings of an intricate “chemical warfare” and ever-present
co-evolutionary arms race between the algal hosts and their viruses (Bidle et al., 2007,
2011; Vardi et al.,, 2009), the fact that small molecular parasites such as
coccolithoviruses can impact on global processes such as climate regulation and the
recirculation of carbon and other nutrients within marine environments (van Rijssel
and Gieskes, 2002) have proved an ongoing motivation for the majority of work

conducted in this thesis.

In the E. huxleyi-virus system one of the chemical agents driving this warfare, and as a
consequence to a certain extent aspects of biogeochemical cycling in the ocean, are
glycosphingolipids (GSLs), which are synthesised within the host cell and whose
biosynthetic genes are encoded either by the host or by the virus (as a result of
horizontal gene transfer events). As previously discussed the first and rate limiting
enzyme in the sphingolipid biosynthesis pathway is the serine palmitoyltransferase
(SPT) enzyme (Han et al., 2006). Thus by utilising its own altered SPT copy (and
associated biosynthetic pathway), coccolithoviruses can hijack the lipid biosynthesis
machinery of the cell, control the viral replication process and possibly manipulate the
host cell by triggering and regulating the programmed cell death (PCD) pathway of
the alga (Bidle et al., 2007). Therefore it is possible that it is the fold of the virus
encoded SPT protein that determines its preferenogyastoyl Co-A over palmitoyl

Co-A co-factors, the production rate of virally encoded glycosphingolipids (vGSLS),
and as a consequence, critically regulates the speed of infection displayed by different

EhV virus strains.
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7.1. Future Research

Perhaps expectedly for a PhD thesis, at the end of this research there are more
unanswered questions than there were at the beginning. It is still unknown what more
than 80% of the hypothetical genes in the EhV genomes code for and it is still unclear

whether the ones that have a predicted function translate into proteins with a real

ecological relevance. For instance, some of the EhV genomes have a gene with a
predicted function for sialidase and phosphate permease, while others only have a
partial sequence of these genes left (Nissimov et al., 2011a, 2011b, 2012a, 2012b;
Allen et al., 2006b; Pagarete et al., 2013). Given that sialidase is an important

virulence factor in other viruses (von ltzstein et al., 1993), and phosphate permease
has been previously implicated as a scavenging mechanism for the acquisition of
phosphate (Wilson et al., 1995), it is unknown what the potential presence or absence
of these genes (and many other genes with an unknown function) would mean with

regards to the infection dynamics of EhVs with their hosts.

Another key observation that remains unanswered is the ability of different EhV
strains to infect their host and how this is related to host sensitivity/resistance and,
more broadly, how it manifests on larger ecological scales. In addition, the exact
physicochemical conditions that drive the selection of successful coccolithophore
genotypes in the environment and in turn the composition and diversity of their co-
occurring viruses are also unknowirhere are niche specific adaptations of different
coccolithophores, and not all species are found throughout the global ocean (Tyrrell
and Merico, 2004; Langer et al., 2009; Charalampopoulou et al.,, 2011). With
predicted future climate change scenarios it is inevitable that some species will do

better than others. This, in turn, will influence the type of virus community that is

193



associated with the host “winners”. Viruses that are capable of using the host
machinery for sphingolipid biosynthesis in the algal host will most likely proliferate.
Hence it is important to know whether the fold of the SPT protein as displayed by
different virus strains plays a function in the ability to infect and co-evolve alongside

successful hosts.

Some of the future goals of researchers in the field of coccolithoviruses and their hosts
should be to try and link molecular ecology and biochemistry with evolutionary
processes and ecological success. By merging molecular, biochemical, and
physiological techniques (PCR, cloning, sequencing, gPCR, flow cytometry, plaque
assays and HPL®/S), it should be possible to answer the following fundamental

guestions:

1) Does the fold of the SPT enzyme in different EhV strains play a role in the rate of
VGSLs biosynthesis and the rate of the EhV infection?

2) Is this predicted fold representative of the true conformation, and does it impact the
ability of the SPT enzyme to bind and process its substrate in different algal strains?
3) Do host populations use this inherent variability in the virally encoded SPT enzyme
to evade or reduce infection?

4) Are variations in the predicted SPT fold influenced by environmental conditions,
and if they are what is the significance of this fold to host cell fate and ultimately
biogeochemical cycling?

5) Can it affect the rate of infection dynamics during blooms and can it consequently

affect the rate of carbon export into the deep ocean and the recirculation of nutrients?
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6) What is the relationship (if any) between the observed coccolithovirus genetic
diversity and environmental physicochemical conditions in which they are found?
7) Is cocdithovirus evolution mainly driven by environmental cues or is it mainly

influenced by the “need” to keep up with the evolution of their hosts?

In order to put the findings of this thesis into the context of future research a general
hypothesis that combines aspects of all the future research points mentioned above can
be seen in Figure 7.1. During a theoretical selection pressure scenario imposed by for
instance physicochemical stress (perhaps a consequence of increased sea surface
temperature), a specific coccolithophore genotype (C) survives and adapts to the new
conditions better than A or AB (Figure 7.1). In turn, coccolithoviruses that have the
right conformation and protein fold of their virally encoded SPT enzyme (CB or C)
will efficiently utilize the myristoyl Co-A substrate within the host cells, produce
vGSLs, and propagate faster than coccolithoviruses that have a slightly different
active site and protein fold (A and AB). If all four viruses are present in the above
scenario in equal ratios then the coccolithoviruses that have the A and AB SPT
structure (i.e. “losers”) will be outcompeted by those that have the SPT structure C

and CB (i.e. “winners”), the result of which would be a more rapid turnover of carbon

and nutrients. However, if A and AB are the most dominant and abundant ones they
will not be able to propagate fast within the coccolithophore population (C),
essentially allowing the host cells to take back control over their own sphingolipid
biosynthesis machinery, the result of which would be a reduction in vGSLs, an
increase in host GSLs, slower infection dynamics within a bloom, and reduced export
of carbon and recycling of nutrients (a trend that will continue until coccolithoviruses

with the C and CB SPT protein confirmation become the dominant genotypes). Hence,
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in an ecological context, only coccolithoviruses that possess the most effective SPT
configuration in relation to the corresponding hosts in a given environment will be the

ones to propagate and influence carbon fluxes and nutrient recycling.

Environmental selection pressure (pH, €', UV, etc,

virus encoded SPT

Fig. 7.1. (Upper left) Geographical locations (characterised by different mean annualirface
temperatures, ranging from 21°C in red to 8°C in blue) from wiiffarent coccolithovirus genotypes
and consequently different versions of the virus encoded SPT pvaegnobtained. (Bottom left): 3D
models of four different structures of coccolithovirus encoded [8Btkins: A) laboratory strain EhV-
99B1 isolated originally from a Norwegian Fjord, AB) sequence feooruise in the North Sea, C)
laboratory strain EhV-86 isolated originally from the English Chararel, CB) sequence from the L4
sampling station in the English Channel. Highlighted in yellow ararfydified regions of the “linker”
between the two domains of the SPT protein: LCB1 and LCB2.
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Finally, now that the genomic potential and diversity of a large number of
coccolithovirus isolates is known, an important aspect of any future research would be
to characterise the infection dynamics phenotypes of these isolates in the laboratory
and relate this to potential differences in their expression profiles during infection.
Furthermore, phylogentic and functional diversity studies of coccolithoviruses need to
be expanded to other geographical locations as currently there is no data available on
coccolithoviruses in the vast majority of the worlds’ ocean where they are likely to

persist; i.e. the Pacific Ocean, Southern Ocean, Mediterranean Sea, and Black Sea.
The research in this thesis provides an important first step and a framework of marine
research of the ecological and functional biodiversity in a marine algal-virus system of
ecological importance, through the analysis ofcobthovirus genotypes, phenotypes

and their ecological significance.
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Appendices

Table Appl. CLUSTALW alignment of a 209 bp fragment sequence of the MCP gene offédeedifEhVs. In red: base pair substitutions amongst the different strains.

EhV-99B1 CAGGTTCAGTTTGGGGCTGAGTCGCATATTACCGTCAATCGTCAAGGCGATTTGCTATCGTGGATGTACCTCAAGATTGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTT
EhV-86 CAGGTTCAGTTTGGGGCTGAGTCGCATATTACCGTAAATCGCCAAGGCGATTTGCTATCGTGGATGTACCTCAAGATCGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTT
EhV-MCP8 CAGGTTCAGTTTGGGGCTGAGTCGCATATTACCGTCAATCGCCAAGGCGATTTGCTATCGTGGATGTACCTCAAGATTGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
Ehv-84 CAGGTTCAGTTCGGTGCTGAGTCGCATATTACCGTAAATCGCCAAGGCGATTTGCTATCGTGGATGTACCTCAAGATCGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhVv-88 CAGGTTCAGTTCGGTGCTGAGTCGCATATTACCGTAAATCGCCAAGGCGATTTGCTATCGTGGATGTACCTCAAGATCGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP10 CAGGTTCAGTTTGGTGCTGAGTCGCATATTACCGTTAATCGTCAAGGCGATTTGCTATCGTGGATGTACCTCAAGATCGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTT
EhV-MCP9 CAGGTTCAGTTTGGTGCTGAGTCGCATATTACCGTTAATCGTCAAGGCGATTTGCTATCGTGGATGTACCTCAAGATTGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTT
EhV-MCP7 CAGGTTCAGTTCGGTGCTGAGTCGCATATTACCGTCAACCGTCAAGGCGATTTGCTATCGTGGATGTACCTCAAGATCGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP6 CAGGTTCAGTTCGGTGCTGAGTCGCATATTACCGTCAACCGTCAAGGCGATTTGCTATCGTGGATGTACCTCAAGATCGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP5 CAGGTTCAGTTTGGTGCTGAGTCGCATATTACGGTCAACCGGCAAGGCGATTTGCTATCGTGGATGTACCTCAAGATCGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP3 CAGGTTCAGTTTGGTGCTGAGTCGCATATTACGGTCAACCGTCAAGGCGATTTGCTATCGTGGATGTACCTCAAGATCGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP2 CAGGTTCAGTTTGGTGCTGAGTCGCATATTACGGTCAACCGTCAAGGCGATTTGCTATCGTGGATGTACCTCAAGATCGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP1 CAGGTTCAGTTTGGTGCTGAGTCGCATATTACGGTCAACCGTCAAGGCGATTTGCTATCGTGGATGTACCTCAAGATCGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP4 CAGGTTCAGTTTGGTGCTGAGTCGCATATTACCGTCAACCGGCAAGGCGATTTGCTATCGTGGATGTACCTCAAGATCGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP13 CAGGTTCAGTTTGGGGCTGAGTCGCATATTACCGTCAATCGCCAAGGCGATTTGCTATCGTGGATGTACCTCAAGATCGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP15 CAGGTTCAGTTCGGTGCTGAGTCGCATATTACCGTTAATCGCCAGGGCGATTTGCTATCGTGGATGTACCTTAAGATCATCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP14 CAGGTTCAGTTCGGTGCTGAGTCGCATATTACCGTTAATCGCCAGGGCGATTTGCTATCGTGGATGTACCTTAAGATCATCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP16 CAGGTTCAGTTCGGTGCTGAGTCGCATATTACGGTCAACCGCCAGGGCGATTTTCTATCGTGGATGTACCTCAAGATCGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP19 CAGGTTCAGTTTGGTGCTGAGTCGCATATTACCGTCAATAGGCAAGGCGACTTGCTTTCGTGGATGTACCTCAAGATCATCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP18 CAGGTTCAGTTTGGTGCTGAGTCGCATATTACCGTCAATAGGCAAGGCGACTTGCTTTCGTGGATGTACCTCAAGATCATCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP22 CAGGTTCAGTTTGGTGCTGAGTCGCATATTACCGTCAATAGGCAAGGCGACTTGCTTTCGTGGATGTACCTCAAGATCATCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP23 CAGGTTCAGTTTGGTGCTGAGTCGCATATTACCGTCAATAGGCAAGGCGACTTGCTTTCGTGGATGTACCTCAAGATCATCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP17 CAGGTTCAGTTTGGTGCTGAGTCGCATATTACCGTCAATAGGCAAGGCGACTTGCTTTCGTGGATGTACCTTAAGATCATCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhVmcp WBS CAGGTTCAGTTTGGTGCTGAGTCGCATATTACCGTCAATAGGCAAGGCGACTTGCTTTCGTGGATGTACCTTAAGATCATCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP12 CAGGTTCAGTTTGGGGCTGAGTCGCATATTACCGTCAATAGGCAAGGCGATTTGCTATCGTGGATGTACCTCAAGATCATCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP11 CAGGTTCAGTTTGGGGCTGAGTCGCATATTACCGTCAATAGGCAAGGCGATTTGCTATCGTGGATGTACCTTAAGATCGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP24 CAGGTTCAGTTTGGTGCTGAGTCGCATATTACCGTCAATAGGCAAGGCGACTTGCTTTCGTGGATGTACCTCAAGATCGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP21 CAGGTTCAGTTTGGTGCTGAGTCGCATATTACCGTCAATAGGCAAGGCGACTTTCTTTCGTGGATGTACCTCAAGATCATCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP20 CAGGTTCAGTTCGGTGCTGAGTCGCATATTACCGTCAATAGGCAAGGCGACCTTCTTTCGTGGATGTACCTCAAGATCATCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP31 CAGGTTCAGTTCGGTGCTGAGTCGCATATTACCGTCAACCGTCAGGGCGACCTTCTTTCGTGGATGTACCTCAAGATCGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP30 CAGGTTCAGTTCGGTGCTGAGTCGCATATTACCGTCAACCGTCAGGGCGACCTTCTTTCGTGGATGTACCTCAAGATCGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP33 CAGGTTCAGTTTGGTGCTGAGTCGCATATTACCGTCAACCGTCAGGGCGACCTTCTTTCGTGGATGTACCTCAAGATCGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP32 CAGGTTCAGTTCGGTGCTGAGTCGCATATTACCGTCAACCGTCAAGGCGACCTTCTTTCGTGGATGTACCTCAAGATCGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP29 CAGGTTCAGTTTGGTGCTGAGTCGCATATTACGGTCAACCGTCAAGGCGACCTTCTTTCGTGGATGTACCTCAAGATCGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP28 CAGGTTCAGTTCGGTGCTGAGTCGCATATTACCGTCAATAGTCAGGGTGACCTTCTATCGTGGATGTACCTCAAGATCGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP27 CAGGTTCAGTTTGGTGCTGAGTCGCATATTACCGTCAATAGGCAGGGTGACCTTCTTTCGTGGATGTACCTCAAGATCGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
Ehv-203 CAGGTTCAGTTTGGTGCTGAGTCGCATATTACCGTCAATAGGCAAGGCGACTTGCTATCGTGGATGTACCTTAAGATCGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-207 CAGGTTCAGTTTGGTGCTGAGTCGCATATTACCGTCAATAGGCAAGGCGACTTGCTATCGTGGATGTACCTTAAGATCGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
Ehv-201 CAGGTTCAGTTCGGTGCCGAGTCGCATATTACTGTGAATAGGCAAGGCGACCTTCTTTCGTGGATGTACCTTAAGATCGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-202 CAGGTTCAGTTCGGTGCCGAGTCGCATATTACTGTGAATAGACAGGGTGACCTTCTATCGTGGATGTACCTTAAGATCGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP26 CAGGTTCAGTTCGGTGCCGAGTCGCATATTACCGTCAATCGTCAAGGCGATTTGCTATCGTGGATGTACCTTAAGATCGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
EhV-MCP25 CAGGTTCAGTTCGGTGCCGAGTCGCATATTACCGTCAATCGTCAAGGCGATCTTCTATCGTGGATGTACCTTAAGATCGTCCTCCCTGGCCTAAAGGTCCAGAACCAGGCGGACACCGTC
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EhV-99B1
EhV-86
EhV-MCP8
Ehv-84
EhV-88
EhV-MCP10
EhV-MCP9
EhV-MCP7
EhV-MCP6
EhV-MCP5
EhV-MCP3
EhV-MCP2
EhV-MCP1
EhV-MCP4
EhV-MCP13
EhV-MCP15
EhV-MCP14
EhV-MCP16
EhV-MCP19
EhV-MCP18
EhV-MCP22
EhV-MCP23
EhV-MCP17
EhVmcp WBS
EhV-MCP12
EhV-MCP11
EhV-MCP24
EhV-MCP21
EhV-MCP20
EhV-MCP31
EhV-MCP30
EhV-MCP33
EhV-MCP32
EhV-MCP29
EhV-MCP28
EhV-MCP27
EhV-203
Ehv-207
Ehv-201
Ehv-202
EhV-MCP26
EhV-MCP25

CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCGCTGCGCAGGCTGACGTATCGCACGTCCTTCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCGCTGCGCAGGCTGACGTATCGCACGTCCTTCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCGCTGCGCAGGCTGATGTATCGCACGTCCTTCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCGCTGCGCAGGCTGACGTATCGCACGTCCTTCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCGCTGCGCAGGCTGACGTATCGCACGTCCTTCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCGCTGCGCAGGCTGATGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCGCTGCGCAGGCTGATGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCGCTGCGCAGGCTGATGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCGCTGCGCAGGCTGATGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCGCTGCGCAGGCTGATGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCGCTGCGCAGGCTGATGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCACTGCGCAGGCTGATGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCACTGCGCAGGCTGATGTATCGCACGTCCTTCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCGCTGCGCAGGCTGATGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCACTGCGCAGGCTGATGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCACTGCGCAGGCTGATGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCACTGCGCAGGCTGATGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCACTGCGCAGGCTGATGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCACTGCGCAGGCTGATGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCACTGCGCAGGCTGATGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCACTGCGCAGGCTGATGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCACTGCGCAGGCTGATGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCACTGCGCAGGCTGATGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCACTGCGCAGGCTGATGTATCGC-CGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCACTGCGCAGGCTGATGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCACTGCGCAGGCTGATGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCACTGCGCAGGCTGATGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCACTGCGCAGGCTGATGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCACTGCGCAGGCTGATGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCGCTGCGCAGGCTGATGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCACTGCGCAGGCTGATGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCGCTGCGCAGGCTGATGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCACTGCGCAGGCTGATGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCACTGCGCAGGCTGATGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCGCTGCGCAGGCTGATGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCGCTGCGCAGGCTGATGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCGCTGCGCAGGCTGACGTATCGCACGTCCTTCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCGCTGCGCAGGCTGACGTATCGCACGTCCTTCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCGCTGCGCAGGCTGACGTATCGCACGTCCTTCCATACATTGAGGGTGC
CAGCCAACTCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCGCTGCGCAGGCTGACGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACCCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCGCTGCGCAGGCTGACGTATCGCACGTCCTCCCATACATTGAGGGTGC
CAGCCAACCCAGCAGTCGTTCGCGTCGCTCGACAACGACGTCGCTGCGCAGGCTGACGTATCGCACGTCCTCCCATACATTGAGGGTGC
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Table App2. The468 protein coding sequences in EhV-86 and the number ofibgmapies of each

in the genomes of EhV-99B1, EhV-84, EhV-88, Eh\l-:2@hV-202, EhV-203, EhV-207 and
EhV-208, based on the BLASTP sequence alignment of IMG/ER (max & Jat05, min. percent

identity: 20%) The four tRNAs of EhV-86 are not shown here.

E]' — N ™ N~ [e]
(o2} < (o] o o o o o
| @ 2| ¥ ¥ ¥ ¢ ¢
G 2| 2| 2| 2| 2| 2| 2| 2
ene w w L w w w w L
name Product Name
ehv001 | Recombination endonuclease VII. 1 0 0 2 1 2 1 1
ehv002 putative membrane protein 0 1 1 1 0 1 2 1
ehv003 | putative membrane protein 0 1 1 1 1 1 1 1
ehv004 hypothetical protein 1 2 2 2 2 2 2 2
ehv005 | putative membrane protein 0 1 1 1 1 1 1 1
ehv006 | putative membrane protein 0 1 1 1 1 1 2 0
ehv007 hypothetical protein 0 1 1 1 2 1 1 1
ehv008 | putative membrane protein 0 1 1 1 1 1 2 1
ehv009 hypothetical protein 0 1 1 1 1 1 1 1
ehv010 | putative membrane protein 1 1 1 1 0 1 1 1
ehv0l1l hypothetical protein 1 1 1 1 1 1 1 1
ehv012 | hypothetical protein 1 1 1 1 1 0 1 1
ehv013 | putative membrane protein 1 1 1 1 0 1 1 0
Longevity-assurance (LAG1) family
ehv014 | protein 1 1 1 1 1 1 0 1
ehv015 | putative membrane protein 0 1 1 1 1 1 1 1
ehv016 | putative membrane protein 1 1 1 1 1 1 1 1
ehv017 | hypothetical protein 2 2 2 2 2 2 2 1
ehv018 | putative endonuclease 1 1 1 1 1 1 1 1
ehv019 | Protein kinase domain. 1 0 1 1 1 1 1 1
putative proliferating cell nuclear
ehv020 | antigen 1 1 1 1 1 1 1 1
ehv021 | putative serine protease 4 4 4 4 3 4 4 4
phosphoglycerate mutase family
ehv022 protein 1 1 1 1 1 1 2 0
ehv023 | putative deoxycytidylate deaminase 1 1 1 1 1 1 1 2
ehv024 | hypothetical protein 1 1 1 0 0 0 0 0
ehv025 putative membrane protein 1 1 1 1 1 1 1 1
ribonucleoside-diphosphate reductas
ehv026 | small chain 1 1 1 1 1 1 1 1
ehv027 | hypothetical protein 1 1 1 1 1 1 1 1
ehv028 putative lipase 1 1 1 1 1 1 1 1
ehv029 | putative membrane protein 1 1 1 1 1 1 1 1
putative DNA polymerase delta
ehv030 | catalytic subunit 1 1 1 1 1 1 1 1
ehv031 | putative sterol desaturase 1 1 1 1 1 1 1 1
ehv032 | putative membrane protein 2 2 2 2 2 2 2 2
ehv033 | putative membrane protein 2 2 2 2 2 2 2 2
ehv034 | putative membrane protein 0 3 3 2 1 2 2 3
ehv035 | putative membrane protein 2 2 2 2 2 2 2 2
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ehv036

putative membrane protein

0 1 1 1 1 1 1 1

ehv037 putative membrane protein 0 2 2 2 0 2 2 2
ehv038 | putative membrane protein 0 2 2 2 0 2 2 2
ehv039 | hypothetical protein 1 1 1 1 1 1 1 1
ehv040 | putative membrane protein 1 1 1 0 0 0 0 0
ehv041 | putative endonuclease 1 1 1 1 1 1 1 1
ehv042 | hypothetical protein 0 1 1 0 1 0 0 0
ehv043 | hypothetical protein 2 1 1 1 1 1 1 1
ehv044 | hypothetical protein 1 1 1 0 0 1 0 0
ehv045 putative membrane protein 1 1 1 1 0 1 1 1
ehv046 | putative membrane protein 0 1 1 1 0 1 1 1
ehv047 | hypothetical protein 1 1 1 1 1 1 1 1
ehv048 | putative membrane protein 1 1 1 1 1 1 1 1
ehv049 hypothetical protein 1 1 1 1 1 1 1 1
ehv050 putative serine palmitoyltransferase 1 1 1 1 1 1 1 1
ehv051 | hypothetical protein 1 1 1 2 0 2 2 2
ehv052 hypothetical protein 1 1 1 0 0 0 0 0
ehv053 | hypothetical protein 1 1 1 1 1 1 1 1
ehv054 | hypothetical protein 1 1 1 1 1 1 1 1
ehv055 putative membrane protein 2 2 2 2 3 2 2 2
ehv056 | Methyltransferase domain. 2 2 2 2 2 2 2 2
ehv057 | hypothetical protein 1 1 1 1 1 1 1 1

Superfamily I DNA/RNA helicases,
ehv058 | SNF2 family 1 1 1 1 1 1 1 1
ehv059 | putative membrane protein 1 1 1 1 1 1 1 1
ehv060 | putative lectin protein 3 1 2 3 2 3 3 2
ehv061 | putative fatty acid desaturase 1 1 1 1 1 1 1 1
ehv062 | putative membrane protein 1 1 1 1 1 1 1 1
ehv063 | hypothetical protein 1 1 1 1 1 1 1 1

putative DNA-dependent RNA
ehv064 polymerase Il largest subunit 1 2 1 1 2 2 2 1
ehv065 | hypothetical protein 1 1 1 1 1 1 1 1
ehv066 putative membrane protein 1 0 1 1 1 1 1 1
ehv067 | hypothetical protein 1 1 1 1 1 1 1 1
ehv068 | hypothetical protein 1 1 1 1 1 1 1 1
ehv069 putative membrane protein 1 1 1 1 1 1 1 1
ehv070 | hypothetical protein 1 1 1 1 1 1 1 1
ehv071 hypothetical protein 1 1 1 1 1 1 1 1
ehv072 | putative DNA-binding protein 1 1 1 1 1 1 1 1
ehv073 hypothetical protein 1 1 1 1 1 1 1 1
ehv074 | putative membrane protein 1 1 1 1 1 1 1 1
ehv075 | putative membrane protein 1 1 1 1 1 1 1 1
ehv076 | putative membrane protein 1 1 1 1 1 1 1 1

putative transmembrane fatty acid
ehv077 | elongation protein 1 1 1 1 1
ehv078 | putative membrane protein 2 2 3 2 2
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ehv079

putative lipid phosphate phosphatase

1 1 1 1 1 1 1 1
ehv080 | putative membrane protein 1 1 1 1 1 1 1 1
ehv081 | putative membrane protein 1 1 1 1 0 1 1 1
ehv082 | putative membrane protein 1 0 1 1 1 1 1 1
ehv083 | putative membrane protein 0 1 1 2 3 2 1 1
ehv084 | hypothetical protein 0 0 1 0 0 0 0 0
ehv085 | putative major capsid protein 1 1 1 1 1 0 1 1
ehv086 | hypothetical protein 1 1 1 0 0 0 0 0
ehv087 | hypothetical protein 1 0 1 1 1 1 0 1
ehv088 putative membrane protein 0 1 1 1 1 1 1 1
ehv089 | putative membrane protein 1 2 1 1 1 1 1 1
ehv090 | hypothetical protein 1 1 1 1 1 1 1 1
ehv091 | putative membrane protein 2 2 2 2 2 2 2 2
ehv092 hypothetical protein 1 1 1 1 0 1 1 1
ehv093 HNH endonuclease family protein 1 1 1 1 1 1 1 1
ehv094 | putative membrane protein 1 1 1 1 1 1 1 1
ehv095 putative membrane protein 1 1 1 1 1 1 1 1
ehv096 | hypothetical protein 1 1 1 1 1 1 1 1
ehv097 | putative membrane protein 1 1 1 1 1 1 1 0
ehv098 | hypothetical protein 1 1 1 1 1 1 1 1
ehv099 | putative membrane protein 1 1 1 1 1 1 1 1
ehvl100 | putative membrane protein 1 1 1 1 0 1 1 1
ehvl101 | putative hydrolase 2 2 2 2 1 2 2 2
ehv102 | putative membrane protein 1 1 1 1 1 1 1 1
putative vesicle-associated membran
ehv103 | protein 1 1 1 1 1 1 1 1
ehvl104 | putative helicase 1 1 1 1 1 1 1 1
transcription factor S-1l (TFIIS) family
ehvl105 | protein 1 1 1 1 1 1 1 1
ehv106 | hypothetical protein 0 1 1 1 1 1 1 1
ehv107 Superfamily | DNA and RNA helicase] 1 1 1 1 1 1 1 1
putative DNA-directed RNA
ehv108 polymerase subunit 1 1 1 1 1 1 1 1
ehv109 | OTU-like cysteine protease 1 1 1 1 1 1 1 1
ehv110 putative RING finger protein 1 1 1 1 1 1 1 1
ehvl11ll | hypothetical protein 1 1 1 1 1 1 1 1
ehv112 | hypothetical protein 1 1 1 1 1 1 1 1
bifunctional dihydrofolate reductase-
ehvl113 | thymidylate synthase 1 1 1 1 1 1 1 1
ehvll4 putative membrane protein 1 1 1 1 1 1 1 1
ehv115 hypothetical protein 0 1 1 1 1 1 1 1
ehv116 | putative membrane protein 1 1 1 1 1 1 1 1
ehv117 | putative phosphate permease 0 1 1 1 1 1 1 1
ehv118 | putative membrane protein 1 1 1 1 1 1 1 1
ehv119 | putative membrane protein 1 1 1 1 1 1 1 1
ehv120 | hypothetical protein 1 1 1 1 1 1 1 1
ehvl21 | hypothetical protein 1 1 1 1 1 1 1 1
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ehv122 | ATPases of the AAA+ class 1 1 1 1 1 1 1 1
ehv123 | hypothetical protein 1 1 1 1 1 1 1 1
ehv124 | hypothetical protein 1 1 1 1 1 1 1 1
ehvl125 | hypothetical protein 0 1 1 0 0 0 0 0
ehv127 | hypothetical protein 1 1 1 0 0 0 0 0
ehvl128 | ERV1/ALR family protein 1 1 1 1 1 1 1 1
ehv129 | hypothetical protein 0 1 1 1 0 1 1 1
ehv130 | hypothetical protein 1 1 1 1 0 1 1 1
ehvl31l | putative membrane protein 1 1 1 1 1 1 1 1
ehv132 hypothetical protein 1 1 1 1 1 1 1 1
putative ATP-dependent protease
ehv133 | proteolytic subunit 1 1 1 1 1 1 1 1
ehv134 | hypothetical protein 1 1 1 1 1 1 1 1
ehv135 putative membrane protein 1 1 1 1 1 1 1 1
ehv136 | putative nucleic acid-binding protein 1 1 1 1 1 1 1 1
ehv137 putative membrane protein 1 1 1 0 0 0 0 0
ehv138 | Recombination endonuclease VII 1 0 1 2 1 2 1 1
ehv139 | AhpC/TSA family 1 1 1 1 1 1 1 1
ehv140 hypothetical protein 1 1 1 1 1 1 1 1
ehv141 PIF1 helicase 1 1 1 1 1 1 1 1
ehv142 | hypothetical protein 1 1 1 1 1 1 1 1
ehv143 | putative membrane protein 1 1 1 1 1 1 1 1
ehvl44 | hypothetical protein 1 1 1 1 1 1 1 1
ehv145 | hypothetical protein 1 1 1 1 1 1 1 1
ehv146 | putative membrane protein 1 1 1 1 0 1 1 1
ehv147 | hypothetical protein 1 1 1 1 2 1 1 1
ehv148 | hypothetical protein 1 1 1 1 1 1 1 1
ehv149 | putative membrane protein 1 1 1 1 1 1 1 1
ehvl50 | hypothetical protein 1 1 1 1 1 1 1 1
ehvl51 | putative serine protease 4 4 4 3 4 4 4 4
ehvl152 | putative DNA-binding protein 1 1 1 1 1 1 1 1
ehv153 hypothetical protein 1 1 1 1 1 1 1 1
Orthopoxvirus protein of unknown
ehvl54 | function (DUF830) 2 2 2 2 2 2 2 2
ehvl55 | putative membrane protein 1 1 1 1 1 1 1 1
ehv156 hypothetical protein 1 1 1 1 1 1 1 1
ehvl57 | putative membrane protein 1 0 1 1 0 1 1 1
ehv158 putative DNA ligase 1 0 1 0 1 1 1 1
ehvl59 | putative membrane protein 0 0 1 0 1 1 1 1
ehvl160 | putative serine protease 1 1 1 1 1 2 2 2
ehvl61 | putative membrane protein 0 0 1 0 1 1 1 1
ehv162 | hypothetical protein 1 1 1 1 1 1 1 1
ehv163 | hypothetical protein 1 1 1 1 1 1 1 1
ehvl64 | putative membrane protein 1 0 1 1 1 1 1 1
ehvl165 | putative membrane protein 1 1 1 1 1 1 1 1
ehv166 | putative RING finger protein 1 1 1 1 1 1 1 1
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putative DNA-directed RNA

ehvl67 | polymerase subunit 1 1 1 1 1 1 1 1
ehv168 | putative membrane protein 1 1 1 1 1 1 1 1
ehv169 | hypothetical protein 1 1 1 1 1 1 1 1
ehvl70 | putative membrane protein 1 1 1 1 1 1 1 1
ehvl71 | putative membrane protein 1 0 1 1 1 1 1 1
ehvl72 | putative membrane protein 0 1 1 0 1 0 0 0
ehvl73 | putative membrane protein 0 1 1 1 1 1 1 1
ehvl74 | hypothetical protein 1 1 1 1 1 1 1 1
ehvl75 | hypothetical protein 2 2 2 2 2 2 2 2
ehvl76 putative membrane protein 1 1 1 1 1 1 1 1
ehvl177 putative membrane protein 2 2 2 2 2 2 2 2
ehvl78 | hypothetical protein 1 1 1 1 1 1 1 1
ehv179 Major Facilitator Superfamily protein | 1 1 1 1 1 1 1 1
ehv180 | putative membrane protein 1 1 1 1 1 1 1 1
ehv181 putative membrane protein 1 1 1 1 1 1 1 1
ehv182 | putative membrane protein 1 1 1 1 1 1 1 1
ehv183 hypothetical protein 1 0 1 1 0 1 1 1
ehv184 putative DNA-binding protein 1 0 0 0 0 0 0 0
ehv185 | putative membrane protein 1 1 1 1 2 1 1 1
ehv185A | hypothetical protein 0 1 1 0 0 0 0 0
ehv186 | hypothetical protein 1 1 1 1 1 1 1 1
ehv187 | putative membrane protein 1 1 1 1 0 1 1 1
ehv188 | putative membrane protein 0 0 1 1 1 1 1 1
ehv189 | hypothetical protein 1 0 1 1 1 1 1 1
ehv190 | putative membrane protein 1 0 1 1 1 1 1 1
ehvl191 | putative membrane protein 2 0 2 3 1 3 3 2
ehv192 | putative membrane protein 5 1 3 3 3 3 3 3
ehv193 | putative membrane protein 1 1 1 1 1 1 1 1
ehv194 | hypothetical protein 1 1 1 1 1 1 1 1
ehv195 | putative membrane protein 1 1 1 1 1 1 1 1
ehv196 putative membrane protein 1 1 1 1 1 1 1 1
ehv197 | putative membrane protein 1 1 1 1 1 1 1 1
ehv198 hypothetical protein 1 1 1 1 1 1 1 1
ehv199 | putative membrane protein 1 1 1 1 1 1 1 1
ehv200 putative membrane protein 1 1 1 2 2 2 2 2
ehv201 hypothetical protein 1 1 1 1 1 1 1 1
ehv202 | hypothetical protein 1 1 1 1 1 1 0 1
ehv203 putative membrane protein 1 1 1 1 1 1 1 1
ehv204 | putative membrane protein 2 1 1 1 1 1 1 1
ehv205 | hypothetical protein 1 1 1 1 1 1 1 1
ehv206 | putative membrane protein 1 1 1 1 1 1 1 1
ehv207 | putative membrane protein 1 1 0 0 0 0 0 0
ehv208 | hypothetical protein 1 1 1 1 1 1 1 1
ehv209 | hypothetical protein 1 1 1 1 1 1 1 1
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ehv210

hypothetical protein

1 1 1 1 1 1 1 1

ehv210A | hypothetical protein 1 0 0 0 0 0 0 0
ehv211 | hypothetical protein 1 1 1 1 1 1 1 1
ehv212 | hypothetical protein 1 0 1 1 0 1 1 1
ehv213 | putative membrane protein 1 0 0 0 0 0 0 0
ehv214 | putative membrane protein 0 1 1 1 1 1 1 1
ehv215 | hypothetical protein 1 1 1 1 1 1 1 1
ehv216 | hypothetical protein 1 1 1 1 1 1 1 1
ehv217 | hypothetical protein 1 1 1 1 1 1 1 1
ehv218 hypothetical protein 1 1 1 1 1 1 1 1
ehv219 | hypothetical protein 1 0 1 1 1 1 1 1
ehv220 | hypothetical protein 2 2 2 2 3 2 2 2
ehv221 | hypothetical protein 1 1 1 1 1 1 1 1
ehv222 putative membrane protein 1 1 1 1 1 1 1 1
ehv223 hypothetical protein 1 1 1 1 1 1 1 1
ehv224 | hypothetical protein 0 0 0 0 1 0 0 0
ehv225 hypothetical protein 0 1 0 1 2 1 1 1
ehv226 | hypothetical protein 2 2 2 2 2 2 2 1
ehv227 | putative membrane protein 1 1 1 0 0 0 0 0
ehv228 | hypothetical protein 1 1 1 1 1 1 1 1
ehv229 | putative membrane protein 1 1 1 1 1 1 1 1

DNA-(apurinic or apyrimidinic site)

lyase / Pyrimidine dimer DNA
ehv230 | glycosylase 1 1 1 1 1 1 1 1
ehv231 | hypothetical protein 1 1 1 1 0 1 1 1
ehv232 | putative membrane protein 1 1 1 1 1 1 1 1
ehv233 | hypothetical protein 1 1 1 1 1 1 1 1
ehv234 | hypothetical protein 2 2 2 2 1 2 2 2
ehv235 | hypothetical protein 4 5 4 4 3 3 4 3
ehv236 | hypothetical protein 0 0 0 0 0 0 0 0
ehv237 | hypothetical protein 1 0 0 0 0 0 0 0
ehv238 putative membrane protein 1 0 0 0 0 0 0 0
ehv239 hypothetical protein 1 1 1 1 1 1 1 1
ehv240 | putative membrane protein 1 1 1 1 1 1 1 1
ehv241 hypothetical protein 1 1 0 1 1 1 1 1
ehv242 | hypothetical protein 1 1 1 0 0 0 0 0
ehv243 putative membrane protein 1 0 1 1 0 1 1 1

PDZ domain (Also known as DHR or
ehv244 | GLGF) 1 0 0 0 1 0 0 0
ehv245 | hypothetical protein 1 1 1 1 1 1 1 1
ehv246 | putative lectin protein 1 1 1 1 1 1 1 1
ehv247 | hypothetical protein 1 1 1 1 1 1 1 1
ehv248 | hypothetical protein 1 1 1 1 3 1 1 1
ehv249 | hypothetical protein 1 1 1 1 1 1 1 1
ehv250 | putative membrane protein 1 1 1 1 1 1 1 1
ehv251 | hypothetical protein 1 1 1 0 1 0 0 0
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ehv252

hypothetical protein

1 1 1 1 2 1 1 1
ehv253 hypothetical protein 1 0 0 1 0 1 1 1
ehv254 | hypothetical protein 1 1 1 1 1 1 1 1
ehv255 | hypothetical protein 1 0 0 0 0 0 0 0
ehv256 | hypothetical protein 2 1 1 1 1 1 1 1
ehv257 | hypothetical protein 1 0 0 0 0 0 0 0
ehv258 | hypothetical protein 1 1 1 1 1 1 1 1
ehv259 | putative membrane protein 0 2 2 1 0 1 1 1
ehv260 | hypothetical protein 1 1 1 1 1 1 1 1
ehv261 hypothetical protein 1 1 1 1 0 1 1 1
ehv262 | hypothetical protein 1 1 1 1 1 1 1 1
ehv263 | hypothetical protein 1 0 0 1 1 2 2 2
ehv264 | hypothetical protein 1 1 1 1 0 1 1 1
ehv265 hypothetical protein 1 1 2 2 3 1 2 2
ehv266 hypothetical protein 4 4 4 4 3 3 4 3
ehv267 | hypothetical protein 1 1 1 0 0 0 0 0
ehv268 putative membrane protein 1 1 1 1 1 1 1 1
ehv269 | hypothetical protein 1 1 1 0 1 0 0 0
ehv269A | putative membrane protein 1 0 0 0 0 0 0 0
ehv270 | putative membrane protein 1 1 1 0 0 0 0 0
ehv271 | putative membrane protein 1 1 1 0 0 0 0 0
ehv272 | hypothetical protein 4 4 4 1 6 3 4 3
ehv272A | hypothetical protein 1 1 1 1 0 1 1 1
ehv273 | hypothetical protein 1 0 0 0 1 0 0 0
ehv274 | hypothetical protein 1 1 1 1 1 1 1 1
ehv275 | hypothetical protein 0 1 1 0 1 0 0 0
ehv276 | hypothetical protein 1 1 1 1 1 1 1 1
ehv277 | putative membrane protein 1 0 1 1 0 1 1 0
ehv278 | putative membrane protein 1 1 1 0 0 0 0 0
ehv279 hypothetical protein 1 1 1 1 0 1 1 1
ehv280 | hypothetical protein 2 1 1 1 1 1 1 1
ehv281 hypothetical protein 1 1 1 1 2 1 1 1
ehv282 | hypothetical protein 2 2 2 2 1 2 2 2
ehv283 | hypothetical protein 1 1 1 1 0 1 1 1
ehv284 hypothetical protein 1 1 1 1 1 1 1 1
ehv285 | hypothetical protein 2 2 2 0 2 0 1 0
ehv286 hypothetical protein 0 0 1 0 0 0 0 0
ehv287 | hypothetical protein 1 1 1 1 0 1 1 1
ehv288 hypothetical protein 3 2 2 2 2 2 3 1
ehv289 | hypothetical protein 1 1 1 1 1 1 1 0
ehv290 | hypothetical protein 0 0 0 0 0 0 0 0
ehv291 | hypothetical protein 3 3 3 1 5 3 4 3
ehv292 | hypothetical protein 3 3 3 1 5 3 4 3
ehv293 | hypothetical protein 4 4 4 4 3 3 4 3
ehv294 | hypothetical protein 1 1 1 1 1 0 1 1
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ehv295

hypothetical protein

1 1 1 1 1 0 1 0
ehv296 | hypothetical protein 1 0 0 0 1 0 0 0
ehv297 | hypothetical protein 2 1 1 1 2 1 2 1
ehv298 | hypothetical protein 0 1 1 0 1 0 1 1
ehv299 | hypothetical protein 1 1 1 0 2 0 1 1
ehv300 | hypothetical protein 1 1 1 0 0 0 1 1
ehv301 | hypothetical protein 1 0 1 1 0 0 0 1
ehv302 | hypothetical protein 1 2 2 1 4 1 3 2
ehv303 | putative membrane protein 1 0 0 0 0 0 0 0
ehv304 hypothetical protein 1 1 1 0 1 0 0 0
ehv305 | hypothetical protein 1 1 1 0 1 0 1 1
ehv306 | hypothetical protein 1 1 1 0 2 0 1 2
ehv307 | hypothetical protein 1 1 2 2 0 2 2 1
ehv308 hypothetical protein 1 1 1 1 0 1 1 2
ehv308A | hypothetical protein 1 0 0 0 0 0 0 0
ehv309 | hypothetical protein 1 1 1 0 0 0 0 0
ehv310 putative membrane protein 0 2 2 1 1 1 1 2
ehv31l | hypothetical protein 1 1 1 1 1 1 2 2
ehv312 | putative membrane protein 1 1 1 1 1 1 1 2
ehv313 hypothetical protein 2 1 1 2 2 2 2 0
ehv314 | hypothetical protein 4 4 4 4 3 3 4 3
ehv315 | putative membrane protein 1 1 1 1 0 1 1 2
ehv316 putative membrane protein 0 1 1 1 1 1 1 1
ehv317 | hypothetical protein 1 1 1 1 0 1 1 2
ehv318 | putative membrane protein 1 0 0 0 0 0 0 0
ehv319 | putative membrane protein 1 1 1 1 0 1 1 0
ehv320 | hypothetical protein 1 1 1 1 1 1 1 1
ehv321 | putative membrane protein 1 0 0 0 1 0 0 0
ehv322 | hypothetical protein 2 2 2 2 2 2 2 2
ehv323 hypothetical protein 1 1 1 1 1 1 1 1
ehv324 | hypothetical protein 1 1 1 1 0 1 1 1
ehv325 putative membrane protein 1 1 1 1 1 1 1 1
ehv326 | putative membrane protein 1 1 1 1 1 1 1 1
ehv327 | hypothetical protein 1 1 1 1 1 1 1 1
ehv328 hypothetical protein 1 1 1 1 1 1 1 1
ehv329 | putative membrane protein 1 1 1 1 1 1 1 1
ehv330 hypothetical protein 1 1 1 1 1 1 1 1
ehv331 | hypothetical protein 1 1 1 1 1 1 1 1
ehv332 | putative membrane protein 1 1 1 1 1 1 1 1
ehv333 | putative membrane protein 1 1 1 1 1 1 1 1
ehv334 hypothetical protein 1 1 1 1 1 1 1 1
ehv335 | putative membrane protein 1 1 1 1 1 1 1 1
ehv336 | hypothetical protein 1 1 1 1 1 1 1 1
ehv337 | hypothetical protein 1 1 1 0 0 2 2 0
ehv338 | hypothetical protein 1 1 1 1 1 1 1 1
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ehv339 | hypothetical protein 1 1 1 1 1 1 1 1
ehv340 | putative membrane protein 1 1 1 1 1 1 1 1
ehv341 | putative membrane protein 1 1 1 1 1 1 1 1
ehv342 | hypothetical protein 1 1 1 1 1 1 1 1
ehv343 | hypothetical protein 0 0 0 0 0 0 0 0
DNA-binding protein, stimulates suga
ehv344 | fermentation 0 1 1 1 1 1 1 1
ehv345 | hypothetical protein 0 1 1 1 1 1 1 1
ehv346 | hypothetical protein 1 1 1 1 0 1 1 1
ehv347 | putative membrane protein 1 1 1 1 1 1 1 1
ehv348 | Alkylated DNA repair protein 1 1 1 1 1 1 1 1
ehv349 | putative protease 1 1 1 1 1 1 1 1
ehv350 | hypothetical protein 3 3 3 3 3 3 3 3
ehv351 hypothetical protein 1 2 2 2 2 2 2 2
ehv352 | hypothetical protein 1 1 1 1 1 1 1 1
ehv353 hypothetical protein 1 1 1 1 1 1 1 1
ehv354 | hypothetical protein 1 1 1 1 1 1 1 1
ehv355 Phytanoyl-CoA dioxygenase (PhyH) 1 1 1 1 1 1 1 1
DNA or RNA helicases of superfamily
ehv356 | Il 1 0 1 1 1 1 1 1
ehv357 | hypothetical protein 1 1 1 0 0 0 0 0
ehv358 | putative thioredoxin 1 1 1 1 1 1 1 1
ehv359 | putative membrane protein 1 1 1 1 1 1 1 1
ehv360 | hypothetical protein 1 1 1 1 1 1 1 1
ehv361 | putative serine protease 2 3 3 3 3 3 3 3
ehv362 | putative membrane protein 1 1 1 1 1 1 1 1
ehv363 | putative esterase 3 3 3 2 1 2 2 2
ehv364 | putative membrane protein 2 2 1 2 3 4 2 3
Predicted hydrolases or
acyltransferases (alpha/beta hydrolas
ehv365 | superfamily) 2 2 2 1 0 1 1 1
ehv366 | putative membrane protein 1 2 2 1 1 1 1 1
Predicted metal-binding protein relatg
ehv367 | to the C-terminal domain of SecA 1 1 1 1 1 1 1 1
ehv368 | hypothetical protein 1 1 1 1 1 1 1 1
ehv369 hypothetical protein 1 1 1 1 1 1 1 1
ehv370 | putative membrane protein 1 2 2 2 2 2 2 2
ehv371 putative membrane protein 1 1 1 1 1 1 1 1
ehv372 | putative membrane protein 1 1 1 1 1 1 1 1
ehv373 hypothetical protein 1 1 1 1 1 1 1 1
ehv374 putative membrane protein 1 1 0 1 1 1 1 1
ehv375 | putative membrane protein 1 1 1 1 1 1 1 1
ehv376 | putative membrane protein 1 1 1 1 1 1 1 1
ehv377 | putative membrane protein 1 1 1 0 1 1 1 0
ehv378 | OB-fold nucleic acid binding domain 1 1 1 1 1 1 1 1
ehv379 | putative membrane protein 1 1 1 1 1 1 1 1
ehv380 | putative membrane protein 1 1 1 1 1 1 1 1
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ehv381 | putative membrane protein 1 1 1 1 1 1 1 1
ehv382 | putative membrane protein 1 1 1 1 1 1 1 1
ehv383 | putative membrane protein 1 1 1 1 1 1 1 1
ehv384 | hypothetical protein 1 1 1 1 2 1 1 1
ehv385 | hypothetical protein 1 1 1 1 1 1 1 1
ehv386 | putative membrane protein 1 1 1 1 1 1 1 1
ehv387 | hypothetical protein 1 1 1 1 1 1 1 1
ehv388 | putative membrane protein 2 2 2 2 2 2 2 2
ehv389 | hypothetical protein 1 1 1 1 1 1 1 1
ehv390 hypothetical protein 1 1 1 1 1 1 1 1
ehv391 | hypothetical protein 1 1 1 1 1 1 1 1
ehv392 | hypothetical protein 1 1 1 1 1 1 1 1
ehv393 | DnaJ domain-containing prot. 1 1 1 1 1 1 1 1
ehv394 hypothetical protein 1 1 1 1 1 1 1 1
ehv395 | CRAL/TRIO domain. 1 1 1 1 1 1 1 1
ehv396 | putative membrane protein 1 1 1 1 1 1 1 1
putative deoxyuridine 5'-triphosphate
ehv397 nucleotidohydrolase 1 1 1 1 1 1 1 1
ehv398 hypothetical protein 1 1 1 1 1 1 1 1
putative DNA-directed RNA
ehv399 | polymerase subunit 1 1 1 1 1 1 1 1
ehv400 | Bacterial lipocalin 1 1 1 1 1 1 1 1
ehv401 | RNase Hll 1 1 1 1 1 1 1 1
ehv402 | putative protein kinase 2 2 2 2 2 2 2 2
Poxvirus Late Transcription Factor
ehv403 | VLTF3 like./A2L zinc ribbon domain 1 1 1 1 1 1 1 1
ehv404 | putative membrane protein 1 1 1 1 1 1 1 1
ehv405 | hypothetical protein 1 1 1 1 1 1 1 1
ehv406 | hypothetical protein 1 1 1 1 1 1 1 1
ehv407 | putative membrane protein 1 1 1 1 1 1 1 1
Orthopoxvirus protein of unknown
ehv408 | function (DUF830) 2 2 2 2 2 2 2 2
ehv409 | hypothetical protein 1 1 1 1 1 1 1 1
ehv410 | hypothetical protein 1 1 1 1 1 1 1 1
ehv411l | putative membrane protein 1 1 1 1 1 1 1 1
ehv412 putative membrane protein 1 1 1 1 1 1 1 1
ehv413 hypothetical protein 1 1 1 1 2 1 1 1
ehv414 | hypothetical protein 1 1 1 1 1 1 1 1
ehv415 putative fatty acid desaturase 1 1 1 1 1 1 1 1
ehv416 putative membrane protein 0 1 1 0 0 0 0 0
ehv417 | putative membrane protein 1 1 1 1 1 1 1 1
ehv418 | hypothetical protein 1 1 1 1 1 1 1 1
ehv419 hypothetical protein 1 1 1 1 1 1 1 1
ehv420 | hypothetical protein 1 0 0 0 0 0 0 0
ehv421 | hypothetical protein 1 0 0 0 0 0 0 0
ehv422 | putative membrane protein 1 1 1 0 0 0 0 0
ehv423 | Protein of unknown function (DUF672 1 0 0 0 0 0 0 0
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ehv424 | hypothetical protein 1 0 0 0 0 0 0 0
ehv425 | putative membrane protein 1 1 1 1 1 1 1 1
ehv426 | hypothetical protein 1 1 1 1 1 1 1 1
ehv427 | putative membrane protein 1 1 1 1 1 0 1 1
putative ribonucleoside-diphosphate
ehv428 | reductase protein 1 1 1 1 2 1 1 1
ehv429 | hypothetical protein 1 1 1 1 1 1 1 1
ehv430 | putative helicase 1 0 0 0 0 0 0 0
ehv431 | putative thymidylate kinase 1 1 1 1 1 1 1 1
Methylase involved in
ehv432 ubiquinone/menaquinone biosynthesi 2 2 2 2 2 2 2 2
ehv433 | putative membrane protein 1 1 1 1 1 1 1 1
putative DNA-directed RNA
ehv434 | polymerase Il subunit 1 1 1 1 2 1 1 1
ehv435 hypothetical protein 1 1 1 1 1 1 1 1
ehv436 | hypothetical protein 1 1 1 1 1 1 1 1
ehv437 hypothetical protein 1 1 1 1 1 1 1 1
MYM-type Zinc finger with FCS
ehv438 | sequence motif 1 1 1 1 1 1 1 1
ehv439 | hypothetical protein 1 0 1 1 1 1 1 1
ehv440 | proliferating cell nuclear antig. 1 1 1 1 1 1 1 1
ehv441 | hypothetical protein 1 1 1 1 1 1 1 1
ehv442 | putative membrane protein 1 1 1 1 1 1 1 1
ehv443 | putative membrane protein 1 1 1 1 1 1 1 1
ehv444 | putative DNA topoisomerase 1 1 1 1 1 1 1 1
ehv445 | hypothetical protein 1 0 1 1 1 1 1 1
ehv446 | hypothetical protein 1 1 1 1 1 1 1 1
ehv447 | putative serine protease 3 3 3 3 3 3 3 3
ehv448 | mRNA capping enzyme, beta chain 1 1 1 1 1 1 1 1
ehv449 | hypothetical protein 1 1 1 1 1 1 1 1
ehv450 | putative membrane protein 1 1 1 1 1 1 1 1
ehv451 putative protein kinase 1 1 1 1 1 1 1 1
ehv452 HMG (high mobility group) box 1 1 1 1 1 1 1 1
ehv453 | putative mRNA capping enzyme 1 1 1 1 1 1 1 1
ehv454 | putative membrane protein 1 1 1 1 1 1 1 1
ehv455 | putative sialidase 1 1 1 1 0 1 1 1
ehv456 hypothetical protein 1 1 1 1 1 1 1 1
ehv457 | putative membrane protein 1 1 1 1 1 1 1 1
ehv458 hypothetical protein 1 1 1 1 1 1 1 1
putative nucleic acid independent
ehv459 nucleoside triphosphatase 1 2 1 1 2 2 1 1
ehv460 hypothetical protein 1 1 1 1 1 1 1 1
ehv461 | putative membrane protein 1 1 1 1 1 1 1 1
ehv462 | hypothetical protein 1 1 1 1 1 1 1 1
Predicted RNA-binding protein
ehv463 | homologous to eukaryotic ShRNP 1 1 1 1 1 1 1 1
ehv464 | putative membrane protein 0 1 1 1 1 1 1 1
ehv465 | putative thioredoxin protein 0
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ehv466

putative membrane protein

ehv467

putative membrane protein

ehv468

putative membrane protein
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Table App.3. EhV-84 homology analysis to the draft genome (including injroh&. huxleyi 1516 with

the built in BLASTP algorithm on the IMG/ER online sequence analysis platform.

Protein size %
CDS Protein function (aa) Identity
ENVGO00366 | sodium/phosphate symporter 534 86.4
ENVGO00070 | ribonucleoside diphosphate reductase 746 72.3
ENVGO00176 | Lectin C-type domain 1994 69.4
ENVG00415 | Alphaherpesvirus glycoprotein E 223 68.8
ENVG00139 | ribonucleoside-diphosphate reductase small subunit 325 59
ENVG00131 | flap endonuclease-1 358 56.9
ENVG00194 | fatty-acyl elongase 322 56
ENVGO00136 | dCMP deaminase 173 55.7
ENVGO00035 | deoxyuridine 5'-triphosphate nucleotidohydrolase 148 55.2
ENVGO00439 | PIF1 helicase 420 51.1
ENVG00370 | thymidylate synthase 480 50.4
ENVGO00165 | serine palmitoyltransferase 870 49.8

DNA-directed RNA polymerase, subunit N

ENVG00400 | (RpoN/RPB10) 86 44
ENVG00177 | fatty acid desaturase 320 43.6
ENVG00413 | major facilitator superfamily transporter protein 541 42.9
ENVGO00145 | Sterol desaturase 328 42.1
ENVG00259 | DNA-binding protein, stimulates sugar fermentation 321 40.2
ENVG00181 | DNA-directed RNA polymerase subunit beta 1055 40
ENVGO00077 | DNA-directed RNA polymerase subunit B 1156 39.9
ENVG00419 | zinc finger protein 357 39.7
ENVG00127 | longevity-assurance family protein 288 39.4
ENVGO00038 | Bacterial lipocalin 202 38.9
ENVGO00074 | thymidylate kinas 327 37.4
ENVG00147 | TLC domain 153 36.8
ENVGO00196 | PAP2 superfamily 243 35.6
ENVGO00054 | delta 9 acyl-lipid fatty acid desaturase 258 35.5
ENVGO00172 | Methyltransferase domain. 238 354
ENVGO00367 | Sterol desaturase 327 34.3
ENVGO00144 | DNA polymerase 1012 33.7
ENVGO00276 | Protease 384 33.3
ENVGO00039 | ribonuclease Hll 209 33.2
ENVG00180 | RNA polymerase Il largest subunit 418 33.1
ENVGO00091 | Protease 295 31.6
ENVGO00087 | topoisomersae Il 1103 31.4
ENVG00134 | Secreted trypsin-like serine protease 404 30.3
ENVGO00429 | Secreted trypsin-like serine protease 294 27.7
ENVGO00095 | Protein kinase domain 271 25.9
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Table App.4. EhV-86 homology analysis to the draft genome (including injroh&. huxleyi 1516 with
the built in BLASTP algorithm on the IMG/ER online sequence analysis platform.

Protein size %

CDS Protein function (aa) Identity
ehv117 putative phosphate permease 534 84.62
ehv428 putative ribonucleoside-diphosphate reductase protei 746 67.28
ehv026 ribonucleoside-diphosphate reductase small chain 325 60
ehv158 putative DNA ligase 622 57.62
ehv023 putative deoxycytidylate deaminase 173 57.05
ehv077 putative transmembrane fatty acid elongation protein 285 55.73

putative deoxyuridine 5'-triphosphate
ehv397 nucleotidohydrolase 148 55.17
ehv031 putative sterol desaturase 328 51.92
ehv061 putative fatty acid desaturase 320 49.37
ehv110 putative RING finger protein 278 49.06
ehv018 putative endonuclease 358 48.74
ehv141 PIF1 helicase 420 47.5
ehv050 putative serine palmitoyltransferase 870 44,93

bifunctional dihydrofolate reductase-thymidylate
ehv113 synthase 480 44.32
ehv179 Major Facilitator Superfamily protein 541 44.21
ehv434 putative DNA-directed RNA polymerase |l subunit 1156 43.8
ehv415 putative fatty acid desaturase 258 43.4
ehv103 putative vesicle-associated membrane protein 117 40.62
ehv431 putative thymidylate kinase 327 40.24
ehv344 DNA-binding protein, stimulates sugar fermentation 251 39.38
ehv014 Longevity-assurance (LAG1) family protein 288 39.35
ehv020 putative proliferating cell nuclear antigen 259 39.01
ehv400 Bacterial lipocalin 202 38.2

putativeDNA-dependent RNA polymerase Il largest
ehv064 subunit 1468 37.9
ehv030 putative DNA polymerase delta catalytic subunit 1012 36.65
ehv056 Methyltransferase domain 238 36.17
ehv451 putative protein kinase 271 36.08
ehv058 Superfamily Il DNA/RNA helicases, SNF2 family 867 35.54
ehv079 putative lipid phosphate phosphatise 236 33.59
ehv444 putative DNA topoisomerase 1103 33.53
ehv021 putative serine protease 404 33.19
ehv401 RNase HIl (EC 3.1.26.4) (IMGterm) 209 33.18
ehv139 AhpC/TSA family 144 31.4
ehv447 putative serine protease 301 30.99
ehv348 Alkylated DNA repair protein 210 30.69
ehv361 putative serine protease 449 30.68
ehv160 putative serine protease 334 30.3
ehv151 putative serine protease 302 29.45
ehv395 CRAL/TRIO domain 215 28.08
ehv455 putative sialidase 373 26.97
ehv133 putative ATP-dependent protease proteolytic subunit 238 26.72
ehv154 Orthopoxvirus protein of unknown function (DUF830) 247 25.81
ehv408 Orthopoxvirus protein of unknown function (DUF830) 233 25.26
ehv104 putative helicase 527 20.41
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Table App.5. EhV-88 homology analysis to the draft genome (including injroh&. huxleyi 1516 with

the built in BLASTP algorithm on the IMG/ER online sequence analysis platform.

Protein size %

CDS Protein function (aa) Identity
EOVG00119| phosphate permease 534 86.4
EOVG00179| ribonucleoside diphosphate reductase 746 72.8
EOVG00062| Lectin C-type domain 1994 69.4
EOVG00266| Alphaherpesvirus glycoprotein E 223 68.8
EOVG00025| ribonucleoside-diphosphate reductase small subunit 325 59
EOVG00472| DNA ligase 1 622 57.8
EOVG00017| Endonuclease 358 56.9
EOVG00079| transmembrane fatty acid elongation protein 322 56
EOVG00022| dCMP deaminase 173 55.7
EOVG00212| deoxyuridine 5'-triphosphate nucleotidohydrolase 148 55.2
EOVGO00115| thymidylate synthase 480 50.4
EOVGO00050| serine palmitoyltransferase 870 49.8
EOVG00463| DNA helicase 420 48.9

DNA-directed RNA polymerase, subunit N
EOVG00251| (RpoN/RPB10) 86 44
EOVG00063| fatty acid desaturase 320 43.6
EOVG00264| Sugar phosphate permease 541 42.9
EOVG00031| Sterol desaturase 328 42.1
EOVG00333| DNA-binding protein, stimulates sugar fermentation 321 40.2
EOVG00066| RNA polymerase beta' subunit 1468 40
EOVG00174| DNA-directed RNA polymerase subunit B 1156 40
EOVG00269| zinc finger protein 357 39.7

Protein transporter of the TRAM (translocating chain-

associating membrane) superfamily, longevity assura
EOVG00013| factor 288 39.4
EOVG00209| Bacterial lipocalin 202 38.9
EOVG00177| Thymidylate kinase 327 37.9
EOVG00081| PAP2 superfamily 243 35.6
EOVG00193| fatty acid desaturase 258 35.5
EOVG00057| Methyltransferase domain 238 35.4
EOVGO00118| Sterol desaturase 327 34.3
EOVG00033| TLC domain 190 33.9
EOVG00030| DNA polymerase 1012 33.7
EOVGO00350| Secreted trypsin-like serine protease 449 33.3
EOVG00208| ribonuclease Hll 209 33.2
EOVGO00160| Secreted trypsin-like serine protease 301 32.6
EOVG00164 | DNA topoisomerase 1103 31.3
EOVG00020| Tryptase 404 30.3
EOVG00453| Secreted trypsin-like serine protease 294 27.7
EOVG00156| Protein kinase domain 271 25.1
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Table App.6. EhV-99B1 homology analysis to the draft genome (including isjrohE. huxleyi 1516
with the built in BLASTP algorithm on the IMG/ER online sequence arsptaitform.

Protein size %
CDS Protein function (aa) Identity
ehv428 ribonucleoside-diphosphate reductase protein 746 66.87
ehv434 DNA-directed RNA polymerase Il subunit precursor 1507 63.64
ehv026 ribonucleoside-diphosphate reductase small chain 325 58.96
ehv158 DNA ligase 622 57.01
ehv077 transmembrane fatty acid elongation protein 285 55.73
ehv023 deoxycytidylate deaminase 173 55.03
ehv397 deoxyuridine 5'-triphosphate nucleotidohydrolase 149 54.02
ehv031 sterol desaturase 328 51.92
ehv061 fatty acid desaturase 320 49.37
ehv110 RING finger protein 278 49.06
ehv018 Endonuclease 358 48.74
ehv141 DNA helicase 420 46.25
ehv415 fatty acid desaturase 258 45.36
ehv050 putative serine palmitoyltransferase 870 44,78
ehv179 Major Facilitator Superfamily protein 528 44.4
bifunctional dihydrofolate reductase-thymidylate

ehv113 synthase 480 44.32
ehv431 thymidylate kinase 327 40.24
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Table App.7. EnV-201 homology analysis to the draft genome (including msirof E. huxleyi 1516
with the built in BLASTP algorithm on the IMG/ER online sequence arsaptaitform.

Protein size %

CDS Protein function (aa) Identity
EPVGO00115 | phosphate permease 534 86.4
EPVGO00251 | ribonucleoside-diphosphate reductase 746 70.9
EPVGO00058 | Lectin C-type domain. 1990 64.7
EPVGO00025 | ribonucleoside-diphosphate reductase small subu 325 59.5
EPVG00018 | flap endonuclease-1 358 56.5
EPVGO00075 | fatty acid elongase 322 56.3
EPVG00023 | deoxycytidylate deaminase 173 55.7
EPVG00218 | deoxyuridine5-triphosphate nucleotidohydrolase 148 54
EPVG00048 | serine palmitoyltransferase 870 50.5
EPVG00111 | thymidylate synthase 480 50.4
EPVG00432 | PIF1 helicase 420 48.9
EPVG00062 | RNA polymerase subunit beta 1468 46.2

DNA-directed RNA polymerase, subunit N
EPVG00422 | (RpoN/RPB10) 86 44
EPVGO00059 | fatty acid desaturase 320 43.6
EPVG00410 | Sugar phosphate permease 541 42.3
EPVG00168 | DNA-binding protein, stimulates sugar fermentatig 321 40.2

Protein transporter of the TRAM (translocating

chain-associating membrane) superfamily, longev
EPVG00014 | assurance factor 288 40
EPVG00257 | RNA polymerase | 1156 39.9
EPVG00221 | Bacterial lipocalin 202 38.9
EPVGO00031 | Sterol desaturase 328 37.1
EPVG00254 | Thymidylate kinase 327 36.7

Methylase involved in ubiquinone/menaquinone
EPVGO00053 | biosynthesis 238 35.9
EPVG00237 | fatty-acid desaturase 258 35.5
EPVG00033 | TLC domain 190 34.4
EPVG00114 | Sterol desaturase 327 34.3
EPVGO00030 | DNA polymerase 1012 34
EPVG00021 | serine protease 409 33.6
EPVG00184 | Secreted trypsin-like serine protease 477 32.5
EPVGO00399 | Secreted trypsin-like serine protease 295 32
EPVG00222 | RNase HlI 209 31.8
EPVG00244 | hypothetical protein 233 31.3
EPVG00403 | DNA topoisomerase Il 1103 31.3
EPVG00077 | PAP2 superfamily 243 29.8
EPVG00442 | Secreted trypsin-like serine protease 302 27.4
EPVGO00395 | Protein kinase domain 271 27.2

233




Table App.8. EhV-202 homology analysis to the draft genome (includingmisjrof E. huxleyi 1516

with the built in BLASTP algorithm on the IMG/ER online sequence arsptaitform.

Protein %
CDS Protein function size (aa) Identity
EXVG00227 | Polyubiquitin 80 96
EXVG00329 | phosphate repressible phosphate permease 534 76.92
EXVG00045 | ribonucleoside diphosphate reductase 491 69.67
EXVG00354 | zinc finger protein 419 66.67
EXVG00276 | ribonucleoside-diphosphate reductase small subunit 325 59.5
EXVG00222 | fatty acid elongase 322 58.89
EXVG00303 | DNA ligase 622 57.58
EXVG00278 | deoxycytidylate deaminase 173 55.92
EXVG00046 | ribonucleotide-diphosphate reductase 289 55.73
EXVG00078 | deoxyuridine 5'-triphosphate nucleotidohydrolase 148 55.17
EXVG00271 | Sterol desaturase 328 51.92
EXVG00319 | PIF1 helicase 420 50
EXVG00241 | fatty acid desaturase 320 49.37
EXVG00040 | RNA polymerase Il subunit 2 229 48.23
EXVG00190 | Zinc finger, C3HC4 type (RING finger) 271 48.08
EXVG00284 | flap endonuclease-1 358 47.06
EXVG00358 | major facilitator superfamily transporter protein 544 44.38
EXVG00185 | thymidylate synthase 480 43.93
EXVG00328 | DNA-binding protein, stimulates sugar fermentation 301 41.86
EXVG00216 | fatty acid desaturase 296 40.57
EXVG00252 | serine palmitoyltransferase 867 40.06
EXVG00289 | longevity-assurance family protein 288 39.74
EXVG00282 | proliferating cell nuclear antigen 259 38.57
EXVG00043 | thymidylate kinase 326 38.24
EXVG00238 | DNA-directed RNA polymerase, subunit A 418 37.1

Methylase involved in ubiquinone/menaquinone

EXVG00247 | biosynthesis 238 36.7
EXVG00039 | RNA polymerase |l 916 36.55
EXVGO00075 | Bacterial lipocalin 202 36.52
EXVG00219 | PAP2 superfamily 243 36
EXVG00272 | DNA-directed DNA polymerase 1016 35.18
EXVG00237 | RNA polymerase Il subunit beta 1057 34.94
EXVG00197 | Synaptobrevin 118 34.85
EXVG00299 | Secreted trypsin-like serine protease 411 34.38
EXVG00181 | Fatty acid hydroxylase superfamily 305 33.6
EXVG00028 | DNA topoisomerase |l 1103 33.53
EXVG00021 | Protein kinase domain 271 33.33
EXVGO00111 | Secreted trypsin-like serine protease 435 32.71
EXVGO00025 | serine protease 295 32.66
EXVG00210 | Sterol desaturase 205 32.6
EXVGO00330 | Predicted protein-tyrosine phosphatise 166 30.66
EXVG00245 | Superfamily II DNA/RNA helicases, SNF2 family 867 30.25
EXVG00124 | Alkylated DNA repair protein 210 30.05
EXVG00321 | Redoxin 146 29.41
EXVG00080 | CRAL/TRIO domain 215 29.27
EXVG00310 | Secreted trypsin-like serine protease 289 29.18
EXVG00074 | RNase HII (EC 3.1.26.4) (IMGterm) 150 28.57
EXVG00306 | Orthopoxvirus protein of unknown function (DUF830) 250 26.85
EXVG00066 | Orthopoxvirus protein of unknown function (DUF830) 233 26.8
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EXVGO00340 | Protease subunit of ATP-dependent Clp proteases 232 25.58
EXVG00063 | Glycosyltransferase (GIcNAC) 367 22.37
EXVG00196 | DNA or RNA helicases of superfamily Il 527 21.53

Table App.9. EhV-203 homology analysis to the draft genome (includingsirof E. huxleyi 1516

with the built in BLASTP algorithm on the IMG/ER online sequence arsapjsiform.

Protein %
CDS Protein function size (aa) Identity
ELVG00354 | sodium/phosphate symporter 534 86.4
ELVGO00052 | ribonucleoside-diphosphate reductase 746 73
ELVG00228 | Lectin C-type domain 1990 64.7
ELVG00194 | ribonucleoside-diphosphate reductase small subunit 325 59.5
ELVG00433 | DNA ligase 622 57.8
ELVG00187 | flap endonuclease-1 358 56.5
ELVG00247 | fatty acid elongase 322 56.3
ELVG00192 | deoxycytidylate deaminase 173 55.7
ELVGO00083 | deoxyuridine 5'-triphosphate nucleotidohydrolase 148 54
ELVG00218 | serine palmitoyltransferase 870 50.5
ELVG00358 | thymidylate synthetase 480 50.4
ELVG00416 | DNA helicase 420 48.9
ELVG00233 | RNA polymerase subunit 11 1053 46.2

DNA-directed RNA polymerase, subunit N
ELVG00457 | (RpoN/RPB10) 86 44
ELVG00229 | fatty acid desaturase 320 43.6
ELVG00443 | major facilitator superfamily transporter protein 541 42.3
ELVG00134 | DNA-binding protein, stimulates sugar fermentation 321 40.2
ELVGO00183 | longevity-assurance family protein 288 40
ELVG00046 | DNA-directed RNA polymerase subunit B 1156 39.9
ELVGO00080 | Bacterial lipocalin 202 38.9
ELVG00200 | Sterol desaturase 328 37.1
ELVG00049 | Thymidylate kinase 327 36.7
Methylase involved in ubiquinone/menaquinone

ELVG00223 | biosynthesis 238 35.9
ELVG00064 | fatty acid desaturase 258 35.5
ELVG00202 | TLC domain 190 34.4
ELVGO00355 | Sterol desaturase 327 34.3
ELVG00199 | DNA-directed DNA polymerase 1012 34
ELVGO00190 | Protease 409 33.6
ELVG00232 | DNA-directed RNA polymerase subunit A 418 33.1
ELVGO00118 | Serine protease 433 32.5
ELVGO00026 | Protease 295 32
ELVG00079 | Ribonuclease Hll 209 31.8
ELVGO00030 | Topoisomerase Il 1103 31.3
ELVG00249 | PAP2 superfamily 243 29.8
ELVG00426 | Secreted trypsin-like serine protease 294 27.4
ELVGO00022 | Protein kinase domain 271 27.2
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Table App.10. EhV-207 homology analysis to the draft genome (including infrohE. huxleyi 1516

with the built in BLASTP algorithm on the IMG/ER online sequence arsptaitform.

Protein %

CDS Protein function size (aa) Identity
EQVG00250| phosphate transporter 534 86.4
EQVG00048 | ribonucleoside-diphosphate reductase 746 70.9
EQVG00306 | Laminin G domain. 1520 68.3
EQVG00193| Lectin C-type domain 1990 64.7
EQVG00161 | ribonucleoside-diphosphate reductase small subunit 325 59.5
EQVG00382| DNA ligase 622 57.8
EQVG00438| flap structure-specific endonuclease 1 358 56.5
EQVG00458| deoxycytidylate deaminase 173 56.4
EQVG00211 | fatty acid elongase 322 56.3
EQVG00080| deoxyuridine 5'-triphosphate nucleotidohydrolase 148 54
EQVGO00184 | serine palmitoyltransferase 870 50.5
EQVG00246| thymidylate synthase 480 50.4
EQVG00399| PIF1 helicase 420 48.9
EQVG00198| DNA-directed RNA polymerase subunit beta 1053 46.2

DNA-directed RNA polymerase, subunit N
EQVG00422| (RpoN/RPB10) 86 44
EQVG00194 | fatty acid desaturase 320 43.6
EQVG00410| Sugar phosphate permease 541 42.3
EQVGO00167| Sterol desaturase 305 41.8
EQVG00131 | DNA-binding protein, stimulates sugar fermentation 321 40.2
EQVG00042 | DNA-directed RNA polymerase subunit B 1156 39.9
EQVG00077 | Bacterial lipocalin 202 38.9
EQVG00045 | thymidylate kinase 327 36.7

Methylase involved in ubiquinone/menaquinone
EQVG00189| biosynthesis 238 35.9
EQVG00061 | fatty acid desaturase 258 35.5
EQVGO00169| TLC domain 190 34.4
EQVGO00249| Sterol desaturase 327 34.3
EQVG00166| DNA-directed DNA polymerase 1012 34
EQVGO00441| Secreted trypsin-like serine protease 409 33.6

DNA-directed RNA polymerase, beta' subunit/160 kD
EQVG00197| subunit 418 33.1
EQVG00115| Secreted trypsin-like serine protease 477 32.5
EQVG00023| Secreted trypsin-like serine protease 295 32
EQVGO00076| ribonuclease H 209 31.8
EQVG00027| DNA topoisomerase Il 1103 31.3
EQVG00213| PAP2 superfamily 243 29.8
EQVG00389| Secreted trypsin-like serine protease 302 27.4
EQVGO00019| Protein kinase domain 271 27.2
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Table App.11 EhV-208 homology analysis to the draft genome (including infrohi. huxleyi 1516

with the built in BLASTP algorithm on the IMG/ER online sequence arsptaitform.

Protein %
CDS Protein function size (aa) Identity
ERVG00232 | phosphate permease 534 86.4
ERVGO00004 | ribonucleoside-diphosphate reductase 746 70.9
ERVG00134 | Lectin C-type domain 1990 64.7
ERVG00166 | ribonucleoside-diphosphate reductase small subunit 325 59.5
ERVG00168 | deoxycytidylate deaminase 92 58.7
ERVGO00331 | DNA ligase | 622 57.8
ERVG00372 | flap endonuclease 1 358 56.5
ERVGO00117 | fatty-acyl elongase 322 56.3
ERVGO00367 | deoxycytidylate deaminase 173 55.7
ERVGO00035 | deoxyuridine 5'-triphosphate nucleotidohydrolase 148 54
ERVG00143 | serine palmitoyltransferase 870 50.5
ERVG00236 | thymidylate synthase 480 50.4
ERVG00314 | DNA helicase 420 48.9
ERVG00130 | DNA-dependent RNA polymerase Il largest subunit 1468 46.2

DNA-directed RNA polymerase, subunit N
ERVG00348 | (RpoN/RPB10) 86 44
ERVG00133 | fatty acid desaturase 320 43.6
ERVGO00360 | Sugar phosphate permease 541 42.3
ERVGO00085 | DNA-binding protein, stimulates sugar fermentation 321 40.2
ERVG00211 | DNA-directed RNA polymerase subunit B 1156 39.9
ERVGO00376 | longevity-assurance family protein 288 39.7
ERVG00032 | Bacterial lipocalin 202 38.9
ERVGO00001 | thymidylate kinase 289 38
ERVGO00160 | Sterol desaturase 328 37.1
Methylase involved in ubiquinone/menaquinone

ERVG00138 | biosynthesis 238 35.9
ERVGO00017 | fatty acid desaturase 258 35.5
ERVGO00158| TLC domain. 190 34.4
ERVG00233| Sterol desaturase 327 34.3
ERVG00161 | DNA-directed DNA polymerase 1012 34
ERVG00369 | Secreted trypsin-like serine protease 414 33.6
ERVGO00069 | Secreted trypsin-like serine protease 477 32.5
ERVG00192 | Secreted trypsin-like serine protease 295 32
ERVGO00031 | ribonuclease H 209 31.8
ERVG00196 | DNA topoisomerase |l 1103 31.3
ERVGO00115| PAP2 superfamily 243 29.8
ERVG00324 | Secreted trypsin-like serine protease 302 274
ERVG00188| Protein kinase domain 271 27.2
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Lys-207 GCCCTICGTAGCTCAGTTIGGT AGAGCGCTCGACCTT TARTCGAGTGGTCGGCGGATCGAAAR
Lys-208 GCCCT CGTAGCTCAGTTGGT AGAGCGCTCGACCTT TAATC GAGTGGTCGGCGGATCGARR
Lys-203 GCCCTCGTAGCTCAGTIGGT AGAGCGCTCGACCTT TAATC GAGTGGTCGGCGGATCGARA
Lys-201 GCCCTCGTAGCTCAGTIGGT AGAGC GCTCGACCTT TARTC GAGTGGTCGGCGGATCGARA
Lys-g8 GCCCCCGTAGCTCARTTGGT AGAGCGCGAT ACCTT TAATATCGTGGTIGGCGGATCGARA
Lys-9981 GCCCCCGTAGCTCAATTGGTAGAGCGCGAT ACCTT TAATA TCGTGGTTGACGGATCGARA
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Fig. App.1. The seven tRNAs present in the genomes of coccolithoviruses, ibesvarorphotypes of
each tRNA (A-G) analyzed by the online tRNAscan-SE 1.21, and a nuel&itidSTALW sequence
alignment of each. Red dots indicate G-C links and blue dots indicatdrAréd and blue are also
highlighted the differences in the sequence alignment of each tRNA.
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The Coccolithoviridae are a recently discovered group of viruses that infect the marine coccolithophorid
Emiliania huxleyi. Emiliania huxleyi virus 203 (EhV-203) has a 160- to 180-nm-diameter icosahedral structure
and a genome of approximately 400 kbp, consisting of 464 coding sequences (CDSs). Here we describe the
genomic features of EhV-203 together with a draft genome sequence and its annotation, highlighting the
homology and heterogeneity of this genome in comparison with the EhV-86 reference genome.

Coccolithoviruses infect the coccolithophore Emiliania hux-
leyi, a cosmopolitan marine microalga which forms blooms that
can cover up to 100,000 km?* (10). Coccolithoviruses are a
major cause of bloom termination, and their role in global
biogeochemical cycling is gaining increasing attention (2). Coc-
colithovirus abundances can reach 10’ ml~' in natural seawa-
ter under bloom conditions and 10® to 10° ml~" under labo-
ratory culture (8). Emiliania huxleyi virus 86 (EhV-86), the
model virus, was isolated in 1999 from the English Channel
(50°13.79'N, 04°9.59'W), and was sequenced in its entirety in
2005 (9, 10). Emiliania huxleyi virus 203 (EhV-203) was iso-
lated from the English Channel (50°00.36'N, 04°18.87'W) from
a depth of 15 m on 27 July 2001 (1, 10). The icosahedral
EhV-203 virion structure and morphology are similar to those
of other coccolithoviruses and phycodnaviruses in general (11).
Phylogenetic analysis of available major capsid protein (MCP)
gene sequences indicates that the closest relatives to EnV-203
are EhV-201, EhV-202, and EhV-207 (1, 10).

EhV-203 genome sequencing, finishing, and annotation
were performed by the Broad Institute. The genome was se-
quenced using the 454 FLX pyrosequencing technology plat-
form (Roche/454, Branford, CT). Library construction and
sequencing were performed as previously described (4). Gen-
eral protocols for library construction can be found at www
.broadinstitute.org/annotation/viral/Phage/Protocols.html. De
novo genome assembly of the resulting reads was performed
using the Newbler v2.3 assembly software package (4). A total
of 71,325 reads were produced and assembled into 7 contigs

* Corresponding author. Mailing address: Plymouth Marine Labo-
ratory, Prospect Place, The Hoe, Plymouth PL1 3DH, United King-
dom. Phone: 44 123 456 7890. Fax: 44 1752 633 101. E-mail:
mija@pml.ac.uk.

comprising 400,520 bp with a maximum contig length of
142,770 bp, average contig length of 57,131 bp, and an average
coverage of approximately 40. Genes were identified using the
Broad Institute’s Automated Phage Annotation Protocol (4).
Additional gene prediction analysis and functional annotation
were performed within the Integrated Microbial Genomes—
Expert Review (IMG-ER) platform (5).

General features of the EhV-203 genome sequence include
a nucleotide composition of 40.12% G+C, a total of 464 pre-
dicted protein coding sequences (CDSs), and six tRNA genes
(Arg, Asn, Gln, Glu, Leu, and Lys). Of the 464 CDSs anno-
tated by IMG-ER, 91 have been annotated with functional
product predictions. A total of 412 CDSs have homologues
(>20% identity) within the EhV-86 genome (31 are 100%
identical). Of the 52 CDSs unique to EhV-203, the majority are
of unknown function, although two CDSs have homology to
glycosyltranferases and one to a zinc finger protein.

Among the EhV-203 CDSs displaying the lowest similarity
to their EhV-86 homologues are a lectin protein (63.62% iden-
tity) and two endonucleases (43.24% and 87.38% identity).
The CDSs with the highest similarity (100% identity) include
predicted DNA-directed RNA polymerase, DNA-binding pro-
tein, and transcription factor S-II and ERV1/ALR family pro-
teins (9). EhV-203 encodes the same sphingolipid LCB bio-
synthetic machinery as EhV-86, with homologues for a sterol
desaturase, serine palmitoyltransferase, transmembrane fatty
acid elongation protein, lipid phosphate phosphatase, and two
desaturases (3, 6, 7, 9). Like EhV-86, EhV-203 also lacks the
critical sphingolipid LCB biosynthetic activity 3-ketosphinga-
nine reductase (6). Further sequencing of related strains in the
future will, no doubt, reveal more about the genetic and func-
tional diversity of these environmentally important viruses.
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Nucleotide sequence accession number. The nucleotide se-
quence for the draft genome sequence has been deposited in
GenBank under accession no. JF974291.
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supported by an NERC studentship, and C.W. is supported by a
BBSRC Industrial CASE studentship sponsored by PML Applications.
H.O. is supported by IGS/CNRS and ANR (grant no. ANR-09-PCS-
GENM-218 and ANR-08-BDVA-003).

We thank Konstantinos Mavromatis from JGI who assisted with
information regarding the IMG/ER platform and the Broad Institute’s
Genome Sequencing Platform, Finishing Team, and Annotation Team
for their efforts to generate the genomic data. Jean Devonshire and the
Centre for Bioimaging at Rothamsted provided technical support for
transmission electron microscopy.

REFERENCES

1. Allen, M. J., J. Martinez-Martinez, D. C. Schroeder, P. J. Somerfield, and
W. H. Wilson. 2007. Use of microarrays to assess viral diversity: from geno-
type to phenotype. Environ. Microbiol. 9:971-982.

10.

11.

GENOME ANNOUNCEMENTS 13469

. Coyle, K. O., and A. 1. Pinchuk. 2002. Climate-related differences in zoo-

plankton density and growth on the inner shelf of the southeastern Bering
Sea. Prog. Oceanogr. 55:177-194.

. Han, G. S., et al. 2006. Expression of a novel marine viral single-chain serine

palmitoyltransferase and construction of yeast and mammalian single-chain
chimera. J. Biol. Chem. 281:39935-39942.

. Henn, M. R,, et al. 2010. Analysis of high-throughput sequencing and anno-

tation strategies for phage genomes. Plos One 5:¢9083.

. Markowitz, V. M., et al. 2009. IMG ER: a system for microbial genome

annotation expert review and curation. Bioinformatics 25:2271-2278.

. Michaelson, L. V., T. M. Dunn, and J. A. Napier. 2010. Viral trans-dominant

manipulation of algal sphingolipids. Trends Plant Sci. 15:651-655.

. Monier, A, et al. 2009. Horizontal gene transfer of an entire metabolic

pathway between a eukaryotic alga and its DNA virus. Genome Res. 19:
1441-1449.

. Schroeder, D. C., J. Oke, M. Hall, G. Malin, and W. H. Wilson. 2003. Virus

succession observed during an Emiliania huxleyi bloom. Appl. Environ.
Microbiol. 69:2484-2490.

. Wilson, W. H., et al. 2005. Complete genome sequence and lytic phase

transcription profile of a Coccolithovirus. Science 309:1090-1092.

Wilson, W. H., et al. 2002. Isolation of viruses responsible for the demise of
an Emiliania huxleyi bloom in the English Channel. J. Mar. Biol. Assoc.
U. K. 82:369-377.

Wilson, W. H., J. L. Van Etten, and M. J. Allen. 2009. The Phycodnaviridae:
the story of how tiny giants rule the world. Curr. Top. Microbiol. Immunol.
328:1-42.



Draft Genome Sequence of Four

Journal of Coccolithoviruses: Emiliania huxleyi Virus
EhV-88, EhV-201, EhV-207, and EhV-208

VI rOlOgy Jozef I. Nissimov, Charlotte A. Worthy, Paul Rooks,

Johnathan A. Napier, Susan A. Kimmance, Matthew R.
Henn, Hiroyuki Ogata and Michael J. Allen
J. Virol. 2012, 86(5):2896. DOI: 10.1128/JVI.07046-11.

Updated information and services can be found at:
http://jvi.asm.org/content/86/5/2896

These include:

REFERENCES This article cites 9 articles, 4 of which can be accessed free at:
http://jvi.asm.org/content/86/5/2896#ref-list-1

CONTENT ALERTS Receive: RSS Feeds, eTOCs, free email alerts (when new
articles cite this article), more»

Information about commercial reprint orders: http://journals.asm.org/site/misc/reprints.xhtml
To subscribe to to another ASM Journal go to: http://journals.asm.org/site/subscriptions/

Journals.ASM.org

ALISHIAINN SHID1LNY A9 £T0Z ‘6 1890190 U0 /B10"wise’IAl/:dny woly papeojumoq



JVI

Journals.ASM.org

GENOME ANNOUNCEMENT

Draft Genome Sequence of Four Coccolithoviruses: Emiliania huxleyi
Virus EhV-88, EhV-201, EhV-207, and EhV-208

Jozef I. Nissimov,? Charlotte A. Worthy,>P Paul Rooks,? Johnathan A. Napier,® Susan A. Kimmance,® Matthew R. Henn,<
Hiroyuki Ogata, and Michael J. Allen?

Plymouth Marine Laboratory, Plymouth, United Kingdom®; Department of Biological Chemistry, Rothamsted Research, Harpenden, Hertfordshire, United Kingdom®; The
Broad Institute of MIT and Harvard, Cambridge, Massachusetts, USAS; and Structural and Genomic Information Laboratory, Mediterranean Institute of Microbiology (IFR-
88), Aix-Marseille University, Marseille, France

The Coccolithoviridae are a group of viruses which infect the marine coccolithophorid microalga Emiliania huxleyi. The Emili-
ania huxleyi viruses (known as EhVs) described herein have 160- to 180-nm diameter icosahedral structures, have genomes of

approximately 400 kbp, and consist of more than 450 predicted coding sequences (CDSs). Here, we describe the genomic fea-
tures of four newly sequenced coccolithoviruses (EhV-88, EhV-201, EhV-207, and EhV-208) together with their draft genome
sequences and their annotations, highlighting the homology and heterogeneity of these genomes to the EhV-86 model reference

genome.

he coccolithoviruses infect Emiliania huxleyi, a globally dis-

tributed bloom-forming marine microalga. The abundance of
Emiliania huxleyi viruses (EhVs) in natural seawater can typically
reach 107 ml~! in bloom conditions and 10 to 10° ml~! under
laboratory culture (6). Following the full sequencing of the model
virus EhV-86 (isolated in 1999 from the English Channel) and the
partial sequencing of EhV-163 (isolated from a Norwegian fjord
the following year), we have recently undertaken to sequence the
remaining English Channel isolates currently contained within
the Plymouth Virus Collection (PVC) (1). The draft genomes of
EhV-84, EhV-203, and EhV-202 have been described previously
(4, 5). Here, we present the draft genomes of the remaining four
coccolithoviruses in the PVC: EhV-88, EhV-201, EhV-207, and
EhV-208.

EhV-88 was isolated from the English Channel (50°15'N/
04°13'W) from a depth of 5 m in 1999, while EhV-201, EhV-207,
and EhV-208 were isolated from the English Channel (49°56'N/
04°19'W, 50°15'N/04°13"W, and 50°15'N/04°13'W, respectively)
from a depth of 2 to 15 m in 2001 (1, 8). Their icosahedral virion
structure and morphology are similar to those of other coccolitho-
viruses and of phycodnaviruses in general (9). Phylogenetic anal-
ysis of available major capsid protein (MCP) and DNA pol gene
sequences indicates that the closest relatives to EhV-88 are EhV-84
and EhV-86 (4, 7), while EhV-201, EhV-207, and EhV-208 are
closely related to EhV-203 (1, 8).

Genome sequencing, finishing, and annotation were per-
formed by the Broad Institute. The genomes were sequenced us-
ing the 454 FLX pyrosequencing technology platform (Roche/454,
Branford, CT). Library construction and sequencing were per-
formed as previously described (2). General protocols for library
construction can be found at http://www.broadinstitute.org
/annotation/viral/Phage/Protocols.html. De novo genome assem-
bly of resulting reads was performed using the Newbler v2.3 as-
sembly software package (2). A total 0f 74,782, 78,268, 33,894, and
85,422 reads were produced and assembled into 8, 7, 16, and 17
contigs, comprising 396,598 bp, 406,701 bp, 420,391 bp, and
409,403 bp, for EhV-88, EnV-201, EhV-207, and EhV-208, respec-
tively. Genes were identified using the Broad Institute’s Auto-
mated Phage Annotation Protocol (2). Additional gene prediction
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analysis and functional annotation was performed within
the Integrated Microbial Genomes-Expert Review (IMG-ER)
platform (3).

General features of the genomes include nucleotide composi-
tions of 40.18%, 40.46%, 40.49%, and 40.42% G+ C and 475, 451,
473, and 455 predicted protein coding sequences (CDSs) for EnV-
88, EhV-201, EhV-207, and EhV-208, respectively. EhV-201,
EhV-207, and EhV-208 have six tRNAs (Arg, Asn, Gln, Glu, Leu,
and Lys), while EhV-88 has five (Arg, Asn, Gln, Ile, and Lys).
EhV-84 is most similar to the model virus EhV-86, encoding 231
CDSs with identical homologues in the EhV-86 genome. In con-
trast, EhV-201, EhV-207, and EhV-208 have just 26, 29, and 25
CDSs sharing 100% identity with their EhV-86 homologues, re-
spectively. The majority of CDSs not shared with EhV-86 encode
hypothetical proteins of unknown function. Those of predicted
function include those encoding glycosyltransferase (EhV-201,
EhV-207, and EhV-208), methyltransferase (EhV-88, EhV-207,
EhV-208), and RNase (EhV-88 and EhV-201). The genomes of
these viruses will provide new insights into coccolithovirus evolu-
tion and their coevolution and interaction with Emiliania huxleyi.

Nucleotide sequence accession numbers. The nucleotide se-
quence accession numbers for the draft genomes sequences have
been deposited in GenBank under accession numbers JF974310,
JF974311, JF974317, and JF974318.

ACKNOWLEDGMENTS

This research was funded in part by the Gordon and Betty Moore Foundation
through a grant to the Broad Institute (M.R.H.) and through the NERC
Oceans 2025 program (M.J.A.). J.LN. is supported by an NERC studentship,
and C.A.W. is supported by a BBSRC Industrial CASE studentship sponsored
by PML Applications. H.O. is supported by IGS/CNRS and ANR (grants
ANR-09-PCS-GENM-218, ANR-08-BDVA-003).

Received 8 December 2011 Accepted 9 December 2011

Address correspondence to Michael J. Allen, mija@pml.ac.uk.

Copyright © 2012, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JV1.07046-11

0022-538X/12/$12.00 Journal of Virology p. 2896-2897



Samples G3265, G3266, G3249, and G3250 were sequenced, assem-
bled, and annotated at the Broad Institute.

We thank Konstantinos Mavromatis from JGI who assisted with in-
formation regarding the IMG/ER platform and the Broad Institute’s Ge-
nome Sequencing Platform, Finishing Team, and Annotation Team for
their efforts to generate the genomic data. Jean Devonshire and the Centre
for Bioimaging at Rothamsted provided technical support for transmis-
sion electron microscopy.

REFERENCES

1. Allen MJ, Martinez-Martinez J, Schroeder DC, Somerfield PJ, Wilson
WH. 2007. Use of microarrays to assess viral diversity: from genotype to
phenotype. Environ. Microbiol. 9:971-982.

2. Henn MR, et al. 2010. Analysis of high-throughput sequencing and anno-
tation strategies for phage genomes. PLOS One 5:¢9083.

March 2012 Volume 86 Number 5

Genome Announcement

. Markowitz VM, et al. 2009. IMG ER: a system for microbial genome

annotation expert review and curation. Bioinformatics 25:2271-2278.

. Nissimov JI, et al. 2011. Draft genome sequence of the coccolithovirus

EhV-84. Stand. Genomic Sci. 5:1-11.

. Nissimov JI, et al. 2011. Draft genome sequence of the coccolithovirus

Emiliania huxleyi virus 203. J. Virol. 85:13468 —13469.

. Schroeder DC, Oke J, Hall M, Malin G, Wilson WH. 2003. Virus

succession observed during an Emiliania huxleyi bloom. Appl. Environ.
Microbiol. 69:2484-2490.

. Wilson WH, et al. 2005. Complete genome sequence and lytic phase

transcription profile of a coccolithovirus. Science 309:1090-1092.

. Wilson WH, et al. 2002. Isolation of viruses responsible for the demise of

an Emiliania huxleyi bloom in the English Channel. J. Mar. Biol. Assoc. U.K.
82:369-377.

. Wilson WH, Van Etten JL, Allen MJ. 2009. The Phycodnaviridae: the

story of how tiny giants rule the world. Curr. Top. Microbio. Immunol.
328:1-42.

jviasm.org 2897



Journal of
Virology

REFERENCES

CONTENT ALERTS

Draft Genome Sequence of the
Coccolithovirus Emiliania huxleyi Virus 202

Jozef I. Nissimov, Charlotte A. Worthy, Paul Rooks,
Johnathan A. Napier, Susan A. Kimmance, Matthew R.
Henn, Hiroyuki Ogata and Michael J. Allen

J. Virol. 2012, 86(4):2380. DOI: 10.1128/JVI1.06863-11.

Updated information and services can be found at:
http://jvi.asm.org/content/86/4/2380

These include:

This article cites 10 articles, 3 of which can be accessed free at:

http://jvi.asm.org/content/86/4/2380#ref-list-1

Receive: RSS Feeds, eTOCs, free email alerts (when new
articles cite this article), more»

Information about commercial reprint orders: http://journals.asm.org/site/misc/reprints.xhtml
To subscribe to to another ASM Journal go to: http://journals.asm.org/site/subscriptions/

Journals.ASM.org

ALISHIAINN SHID1LNY A9 £T0Z ‘6 1890190 U0 /B10"wise’IAl/:dny woly papeojumoq



JVI

Journals.ASM.org

GENOME ANNOUNCEMENT

Draft Genome Sequence of the Coccolithovirus Emiliania huxleyi

Virus 202

Jozef I. Nissimov,? Charlotte A. Worthy,>P Paul Rooks,? Johnathan A. Napier,® Susan A. Kimmance,® Matthew R. Henn,<

Hiroyuki Ogata, and Michael J. Allen?

Plymouth Marine Laboratory, Plymouth, United Kingdom®; Department of Biological Chemistry, Rothamsted Research, Harpenden, Herts, United Kingdom®; The Broad
Institute of MIT and Harvard, Cambridge, Massachusetts, USAS; and Structural and Genomics Information Laboratory, CNRS-UPR2589, Mediterranean Institute of

Microbiology (IFR-88), Aix-Marseille University, Marseille, Franced

Emiliania huxleyi virus 202 (EhV-202) is a member of the Coccolithoviridae, a group of viruses that infect the marine coccolitho-
phorid Emiliania huxleyi. EhV-202 has a 160- to 180-nm-diameter icosahedral structure and a genome of approximately 407
kbp, consisting of 485 coding sequences (CDSs). Here we describe the genomic features of EnV-202, together with a draft ge-
nome sequence and its annotation, highlighting the homology and heterogeneity of this genome in comparison with the EnV-86

reference genome.

miliania huxleyi is a globally distributed marine microalgae

which forms blooms that can cover up to 100,000 km? (10).
Coccolithoviruses have been shown to be a major cause of bloom
termination, and their role in global biogeochemical cycling is
gaining increasing attention (3). Coccolithovirus abundances
canreach 107 ml~!in natural seawater under bloom conditions
(8). Emiliania huxleyi virus 86 (EhV-86), the model virus, was
isolated in 1999 from the English Channel (50°13.79'N/
04°9.59'W) and was sequenced in its entirety in 2005 (9, 10).
EhV-163, isolated from a Norwegian fjord, was partially se-
quenced in 2006 (2), and more recently, permanent draft ge-
nomes for EhV-84 and EhV-203 (both isolated in the English
Channel) were obtained (6, 7). Emiliania huxleyi virus 202
(EhV-202) was isolated from the English Channel (50°00.36'N/
04°18.87'W) from a depth of 15 m on 27 July 2001 (1, 10). Like
other coccolithoviruses and phycodnaviruses in general, EhV-
202 has an icosahedral virion structure (11). Phylogenetic anal-
ysis of available major capsid protein (MCP) gene sequences
indicates that the closest relatives of EhV-202 are EhV-201,
EhV-203, EhV-207, and EhV-208 (1, 10).

EhV-202 genome sequencing, finishing, and annotation were
performed by the Broad Institute. The genome was sequenced using
the 454 FLX pyrosequencing technology platform (Roche/454, Bran-
ford, CT). Library construction and sequencing were performed as
previously described (4). General protocols for library construction
can be found at www.broadinstitute.org/annotation/viral/Phage
/Protocols.html. Genome assembly of resulting reads was performed
using the Newbler v2.3 software package (4). A total of 31,250 reads
were produced and assembled into 12 contigs comprising 407,516 bp,
with a maximum contig length of 137,441 bp, an average contig
length of 33,868 bp, and an average sequencing coverage of approxi-
mately 32.5 times (* 5.8). Genes were identified using the Broad
Institute’s automated phage annotation protocol (4). Additional
gene prediction analysis and functional annotation were performed
within the Integrated Microbial Genomes-Expert Review (IMG-ER)
platform (5).

General features of the EhV-202 genome sequence include a nu-
cleotide composition of 40.30% G+C, a total of 485 predicted pro-
tein coding sequences (CDSs), and three tRNA genes (Arg, Asn, and
Gln). Of the 485 CDSs annotated by IMG-ER, 93 have been anno-
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tated with functional product predictions. Four hundred one CDSs
have homologues (>26% identity) within the EhV-86 genome, yet
only one shares 100% identity. EhV-202 is the most genetically dis-
tinct coccolithovirus strain sequenced to date. EhV-202 contains 83
unique CDSs; while the majority are of unknown function, two CDSs
have homology to glycosyltransferases, one to a zinc finger protein,
one to ADP ribose pyrophosphatase, one to lipopolysaccharide (LPS)
biosynthesis protein, and one to polyubiquitin. Among the EhV-202
CDSs displaying the lowest similarities to their EhV-86 homologues
is a putative phosphoglycerate mutase (62.30%), an ATPase
(60.86%), and a CDS containing a PDZ domain (42.62%). The CDSs
displaying the highest similarities to their EhV-86 counterparts in-
clude MCP (99.80%), sterol desaturase (99.51%), and DNA poly-
merase (92.13%).

Nucleotide sequence accession number. The draft genome se-
quence has been deposited in GenBank under accession number
HQ634145.
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