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PROTEOME OF EMILIANIA HUXLEYI

Holger Anlauf

Calcium carbonate precipitation by marine organisms is an acknowledged contributor to the
global carbon cycle. Coccolithophores are unicellular marine phytoplankton, that by excreting
calcium scales and performing photosynthesis, contribute largely to the flux of atmospheric
carbon to the surface and deeper oceans. The impact of elevated future ocean temperature and
ocean acidity on the mechanism and rates, by which coccolithophores secret their calcium
carbonate scales internally and contribute to the global carbon cycle, has been widely studied.
However, biomineralisation in coccolithophores, the expression of molecular pathways, and the
timing of gene expression related to calcification are still poorly understood. To better
understand the process of calcification the transcriptome and proteome of calcifying G1-phase
Emiliania huxleyi cells were investigated in the light and dark using next generation techniques.
The results showed clear differences in both the transcriptomic and proteomic profiles between
the photosynthetically enhanced calcification and the dark calcification phase. Interestingly, the
bulk of the biomineralisation genes were higher expressed in the dark calcification phase at low
calcification rates, suggesting that a large proportion of the molecular calcification machinery is
bound to the Golgi apparatus and endoplasmic reticulum, which are complemented in the early
G1-phase following cytokinesis. Furthermore, the results suggest that a set of biomineralisation
genes exhibits continuous expression in both conditions of the G1 phase, whereas other genes
are more abundantly expressed in the calcification phase. The importance of the calcium
binding proteins calreticulin, calnexin, and calmodulin in the calcification phase was confirmed
by transcriptomic and proteomic data. Proton pumping V-type ATPases were found higher
expressed in dark phase but was still highly expressed in the enhanced calcification phase in the
light. Calcium transport related gene expression of members of the NCKX (Na'/Ca2™-K'
exchanger), NCX (N a+/Caz+exchanger), and CAX (calcium exchanger) were stronger in the low
calcification phase, whereas SERCA-type calcium transporting ATPases were nearly equally
expressed in both condition but originating from different genes that were expressed in either
the light or the dark. Furthermore, transcriptome exploration suggested syntaxin and
synaptobrevin could play an important role in calcification related vesicle fusion. The results
have important implications for better understanding the timing of calcification related gene
expression throughout the E. huxleyi cell cycle and for potential transcriptomic plasticity in
response to changing environmental conditions.
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Chapter 1.  General Introduction

In nature the counterpart of chaos is not cosmos, but evolution

(Gould and Waller, 2008)

1.1. Phytoplankton evolution -

Coccolithophores and the supremacy of Emiliania huxleyi

The rise of marine photosynthetic organisms began with the evolution of prokaryotic
anoxygenic photoautotrophs ~3.5 Ga (billion years) ago (Finazzi and Moreau, 2010). Over
hundreds of millions of years, prokaryotic oxygenic photoautotrophs oxidized the Earth’s
atmosphere and the oceans by the fixation of CO, using energy from sunlight (Gould and
Waller, 2008) and allowed the evolution of single celled eukaryotic microorganisms — Protista
(Haeckel, 1866). Circa 1.8 Ga ago an endosymbiotic event occurred. A photoautotroph
cyanobacterium was encapsulated by the early eukaryote establishing the ancestor of all
eukaryotic photosynthetic (Bhattacharya and Meldin, 1995; Keeling, 2004; Tirichine and
Bowler, 2011). The enslaved cyanobacterium evolved into a plastid, the organelles of plants and
algae that provide photosynthetic and other biochemical pathways. In a secondary
endosymbiotic event of still debated timeframe, around 1-1.9 Ga ago, the ancestral
phytoplankton host engulfed a red algae establishing the “red linage” of nanoplankton, which is
grouped within the chromalveolates (Yoon et al., 2004; de Vargas et al., 2007; Keeling, 2009).
Three phytoplankton groups of this “red linage” namely dinoflagellates, coccolithophores and
diatoms, all containing the photosynthetic pigments chlorophyll a + ¢ (Saez et al., 2004),
dominate the modern ocean. The fossil record shows that the present dominance of
dinoflagellates, coccolithophores and diatoms began in the Mesozoic Era - 251 to 65 Ma
(million years) ago (Falkowski, 2004; Bown et al., 2004). Coccolithophores are the most
abundant group of the Haptophytes and contribute significantly to the group’s biodiversity
(Jordan and Chamberlain, 1997). The prymnesiophyte ancestor of the coccolithophores
developed the ability to form ornamented plate scales by controlled intracellular precipitation of
calcium carbonate (CaCOs3) between 329 and 220 Ma ago (de Vargas et al., 2007; Liu et al.,
2010) and have played key roles in the global cycling of carbon and the development of Earth’s
present climate system through their photosynthetic fixation of carbon and calcium carbonate
precipitation (Thierstein et al., 1977; Robertson et al., 1994; Buitenhuis et al., 1996;
Holligan et al., 1993; Ridgwell, 2005). From the Triassic until the present, over 4000 discrete

morphological types of coccoliths have been confirmed in the geological record (de Vargas et
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al., 2007). Today’s oceans inhabit only ~280 morphological distinct coccolithophores (Young
and Henriksen, 2003) of which Emiliania huxleyi (Lohmann) Hay et Mohler (Fig. 1) is the most
abundant cosmopolitan coccolithophore (Winter et al., 1994; Bijma et al., 2001; Beaufort et al.,

2007).

Figure 1-1: Emiliania huxleyi SEM. Scanning electron image (SEM) of an Emiliania huxleyi cell
showing interlocking coccoliths creating the coccosphere. The specimen was isolated in a sample
from Raunefjorden, Norway.

It is believed that E. huxleyi evolved around 250,000 years ago from the genus
Gephyrocapsa (Thierstein et al., 1977; de Vargas et al., 2007). Physiological, immunological,
and morphological differences separate 200 different strains within the species complex E.
huxleyi (van Bleijswijk et al., 1991; J. R. Young et al., 1992; Young, 1994; Medlin et al., 1996;
Young et al., 1999; Findlay and Giraudeau, 2000). Its cells are only 2.5 - 5.5 um in diameter
(van Bleijswijk et al., 1991). When E. huxleyi blooms occur they may cover over I X 10° km?
exceeding cell concentrations of 10° cells L' (Holligan et al., 1993; Tyrell & Merico, 2004).
Therefore, E. huxleyi blooms can affect a) regional weather patterns through the production of
dimethylsulfoniopropionate, which after more reaction steps to SO, and sulphate acts as a cloud
formation nuclei (Charlson et al., 1987; Hegg et al., 1991), b) seawater alkalinity (Holligan et
al., 1993; Robertson et al., 1994), and c¢) the marine carbon pump (Buitenhuis et al., 1996; Rost
and Riebesell, 2003) (see Section 1.2). The ease of culturing and maintaining E. huxleyi in the
laboratory has allowed a great deal of scientific progress in terms of understanding the biology,

physiology and diversification of the E. huxl/eyi species complex. Although a single species, it is
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becoming increasingly evident that large genetic and physiological variations between E.
huxleyi strains exist (Medlin et al., 1996). Emiliania huxleyi shows a high intraspecific
physiological variability in the ability to grow in different salinities (Brand, 1984), synthesize
long chain lipids (Riebesell et al., 2000; Volkman et al., 1980), and to form coccoliths under
elevated CO; in seawater (Langer et al., 2009; Lohbeck et al., 2014). A high genetic
heterogeneity has been suggested to explain the intraspecific physiological response variability
in E. huxleyi species complex and that this may also found its overall ecological success
(Lohbeck et al., 2012). High levels of genetic variability were also evident in blooms of E.
huxleyi showing differences between geographic locations, over time, within and in between
blooms and populations (Medlin et al., 1996; Iglesias-Rodriguez et al., 2006). This resulted in a
discussion about the species concept in E. huxleyi and a proposed bacterial-like pan-genome
(Medini et al., 2005). A pan-genome comprises a group of core genes (found in all strains) and
dispensable genes - specific only to certain strain (Medini et al., 2005; Read et al., 2013) and

could explain the physiological response variability between E. huxleyi strains.

1.2. The biogeochemical processes of the carbon cycle and the importance of

coccolithophores

The global carbon cycle describes the fluxes (pumps) of organic and inorganic carbon
between mayor reservoirs e.g. the terrestrial biosphere, the atmosphere, the lithosphere and the
oceans (Fig. 2). The fluxes of carbon between the carbon reservoirs are driven and
interconnected by physical, chemical and biological processes. The oceans store the largest
carbon dioxide inventory on the planet containing ~ 50-60 times more carbon than the
atmosphere (Siegenthaler and Sarmiento, 1993; Houghton, 2007; Riebesell et al., 2009). In the
ocean the solubility pump, biological pump, and carbonate counter pump (Volk and Hofert,
1985; Falkowski, 2000) describe the uptake of CO, from the atmosphere, its biological fixation
to organic molecules by photosynthesis or respiratory processes and the release of CO, from

biogenic calcification (Fig.2), respectively.
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Figure 1-2: The global carbon cycle. Fluxes of carbon cycling between the biosphere, atmosphere
and ocean. Dashed boxes label the major marine carbon pumps. The approximate storage capacities
of the reservoirs (bold letters) is given in Pg C (1015 g C = gigatons C) after Zeebe and Ridgwell
(2011).

In the Solubility pump (Figure 1-2) carbon dioxide dissolves in seawater and reacts with water
molecules forming carbonic acid subsequently dissociating to carbonate, bicarbonate, and

protons. This solubility pump is reflected by equation 1.

CO,+ H,0 2 H,CO; 2 HCO; + H 2 CO5” + 2H" (Equation 1)

The biological pump (Figure 1-2) comprises the net carbon flux from biological processes
such as photosynthetic carbon fixation and respiration/degradation of organic matter into the
deep sea. Carbon fixation into 3-phosphoglycerate catalyzed by Ribulose-1,5-bisphosphate
carboxylase oxygenase (RuBisCo) is the main processes taking up CO, from the surface ocean
and influencing the biological carbon pump. Regardless of their commonly microscopic size
between 0.4 and 200 wm unicellular marine phytoplankton provide 45% of the global annual net
primary production but represents less than 1% of the Earth’s photosynthetic biomass (Field et
al., 1998). Equation 2 shows the uptake of CO, and its photosynthetic conversion to particulate
organic carbon (POC) by phytoplankton. Decomposition of organic matter and respiration are

described by the reversion of equation 2 to produce CO,.
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CO; + H,O —> CH,0 + O; (Equation 2)

Coccolithophores comprise around 10% of the phytoplankton biomass (Tyrrell and Young,
2009). While the contribution of coccolithophores to global marine photosynthetic carbon
fixation is relatively small (Gregg and Casey, 2007), coccolithophores have contributed largely
to the formation of deep-sea CaCOj5 deposits around the globe (Volk and Hoffert, 1985;
Milliman and Droxler, 1996), driving the Carbonate counter pump (Fig. 2). Coccolithophores
and other marine calcifiers utilize HCO5 ions when producing CaCOs3 minerals (Nimer et al.,
1992; Buitenhuis et al., 1999; Herfort et al., 2002). The reaction of CaCOj precipitation requires
concentration of Ca®* and CO5> ions above the saturation state (Equation 3.1). Carbonate ions
are indirectly produced in a high pH milieu (Equation 3.2). During the conversion of
bicarbonate to carbonate, H" are produced, indirectly increasing CO, levels due to lower pH
levels (Equation 3.3). Therefore, the process of calcification becomes a net source of CO, when

HCOj5  is utilized (Equation 3.4.).

Ca’ + CO5" —> CaCO; (Equation 3.1)
HCO; —> COs" +H" (Equation 3.2)
H + HCO; —> H,0 + CO, (Equation 3.3)
Ca’* + 2 HCO; —> CaCO; + H,0 + CO, (Equation 3.4)

Coccolithophores, scleractinian corals, foraminifera, molluscs and coralline algae are the most
significant calcium carbonate producers in the ocean (Milliman, 1993; Iglesias-Rodriguez et al.,
2002). One third to half of the present marine CaCOs is formed by coccolithophores (Milliman,
1993; Baumann et al., 2004) contributing largely to the global carbonate budget (Archer et al.,
2000). Up to 70% of coccolithophore scales dissolve in the upper 1300 m of the ocean, taking
up additional CO, from seawater (Sabine et al., 2004). Coccolithophores’ calcite scales provide
also ballast for the export of particulate organic carbon (Milliman, 1993; Armstrong et al., 2001;
Klaas and Archer, 2002) and form large deep-sea sediments (Volk and Hoffert, 1985; Milliman
and Droxler, 1996). A reduction of calcification rates in coccolithophores would therefore
directly affect the marine carbon cycle (Zondervan et al., 2001). Less bicarbonate would be
converted to CO, reducing the sea to air CO,-flux in the carbonate counter pump (Riebesell et
al., 2009). Furthermore, less organic matter would be stored in the deep ocean because
ballasting by coccoliths and sinking rates would decrease while CaCOj - dissolution remains

(Armstrong et al., 2001; Klaas and Archer, 2002; Engel et al., 2009).



6 CHAPTER 1 - GENERAL INTRODUCTION

About half of the CO, - emissions from fossil fuel combusted have sequestered in the ocean
where it has caused a decrease in oceanic pH by 0.1 units since pre-industrial times (Haugan
and Drange, 1996; Sabine et al., 2004). This phenomenon is termed ocean acidification (OA)
(Raven et al., 2005) and was found to affect the calcification and growth rates in
coccolithophores and other marine calcifiers (Riebesell et al., 2000; Reynaud et al., 2003;
Langer et al., 2006; Orr et al., 2005; Fabry, 2008). However, E. huxleyi’s calcification and
growth responds to OA is not uniform (e.g. Riebesell et al., 2000; Iglesias-Rodriguez et al.,
2008). Diverse responses in growth rates and the physiological processes involved in
calcification are the basis for the observed intraspecific variability (Langer et al., 2009). For a
wide range of marine metazoans the process of calcification has an important physiological role
that defines the organisms’ ecological niche (Cusack and Freer, 2008). Therefore, present
knowledge is far from developing a generalized model of calcification and its atmospheric
feedbacks if details of the processes involved in calcification remain illusive (Zondervan, 2007;
Riebesell et al., 2009). New incentive to study the biomineralisation physiology of E. huxleyi
were commenced a) to improve our understanding of the biochemical and molecular pathways
of the processes of calcification, b) to understand how the genetic plasticity can explain the
variable responses, and c¢) to develop a greater understanding of the likely feedbacks changes in

coccolithophore calcification suggest for the global carbon cycle.

1.3. Coccolithophore biomineralisation - Coccolithogenesis

Biomineralisation describes the production of minerals to form shells, scales and skeletons in
living organisms (Weiner et al., 2003). Biominerals nucleate in physically and chemically
isolated intracellular or extracellular compartments under rigorous biological control often
directly connected to an organic matrix (Lowenstam, 1981; Lowenstam and Weiner, 1989).
Therefore, specific morphological features have to be present in the organism to establish,
isolate and conserve the chemical gradients of pH homeostasis and ion concentrations (e.g.

Ca®", carbonate ions) for the reaction towards the biogenic precipitation of the mineral.

The globally most abundant biogenic minerals are calcium carbonate minerals (Lowenstam
and Weiner, 1989), of which 7 polymorphs are crystalline and one amorphous. Crystalline
polymorphs of CaCOs are calcite, aragonite and vaterite. Calcite is more resistant to dissolution
in seawater than aragonite and high-Mg calcite (Milliman, 1974). Magnesium calcite (Mg-
calcite) and protodolomite contain magnesium. Hydrocerussite contains lead and
monohydrocalcite water in combination CaCOs. Amorphous calcium carbonate (ACC) is a non-

crystalline precursor of calcium carbonate, which in marine species has been postulated to act as
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a transport-form of calcium carbonate to the site of crystallization (Addadi et al., 2003; Weiner

et al., 2003).

The intracellular nature of the calcium carbonate mineralization process in coccolithophores is
a unique feature. Calcification in E. huxleyi is a process under intense biological control
(Paasche, 1962). From scanning electron microscopy (SEM) studies in the species E. huxleyi
(Wilbur and Watabe, 1963; Klaveness, 1976; van der Wal et al., 1983; van Emburg et al., 1986;
Westbroek et al., 1989; Young et al., 1999), Pleurochrysis carterae (Manton and Leedale, 1969;
van der Wal et al., 1987), Coccolithus pelagicus (Manton and Leedale, 1969; Taylor et al.,
2007), Scyphosphaera apsteinii (Drescher et al., 2012), and Hymenomonas coronata and
Ochrosphaera verrucosa (Inouye and Chihara, 1980), to name only a selection of studies, we
have learned about the morphology of biomineralisation in coccolithophores. The
mineralization of coccoliths occurs in an intracellular, Golgi-derived compartment, namely the
coccolith vesicle (CV). The CV is positioned adjacent to the nucleus (van der Wal et al., 1983).
The reticular body (RB) is a labyrinthine membrane system that connects distally to the CV
throughout the calcification process in E. huxleyi, Gephyrocapsa sp. and C. pelagicus
(Klaveness, 1976). However, a different feature is present in P. Carterae, where multiple
vesicles show coccoliths at varying growth stages and form a trans-Golgi without a RB (van der
Wal et al., 1983). The reticular body is expected to provide rapid ion transport and
supersaturated conditions inside the CV (Brownlee and Taylor, 2004; Taylor et al., 2011).
During coccolithogenesis, the coccolith-vesicle moves away from the nucleus, the CV
membrane and plasma membrane fuse and the coccolith is then extruded through the layer of
organic scales on the cell surface subsequently interlocking with adjacent coccoliths (Marsh,

2003; Taylor et al., 2007).

1.4. The molecular basis of biomineralisation in coccolithophores

Coccolithophogenesis is a complex process under rigorous genetic control involving the
expression of many proteins of yet unknown functions to provide a network of interacting
structural and regulatory molecules (Young and Henriksen, 2003; Henriksen et al., 2004; de
Vargas et al., 2007). For the precipitation of calcium carbonate ion concentrations of calcium
and carbonate above the saturation state of calcium carbonate must be reached inside the CV
and H" ions need to be removed from the CV’s lumen. lon-transporters or exchangers that
involve, transport, and co-transport Ca2+, Mg”, H', Cl, Na' ions, highly acidic calcium binding
proteins, carbonic anhydrase, and organic matrix-associated polysaccharides are generally

involved in controlling coccolithophogenesis. The following paragraphs will introduce specific
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important macromolecules involved in molecular pathways for cell functioning and especially
calcification, such as Ca®" transport, carbonate or inorganic carbon (Ci) transport, H' transport,
and organizing and controlling the biomineralisation process. Table 1-1 summarizes the

molecules involved in the process of calcification in E. huxleyi.

Ca?* transport

In seawater — the external medium - calcium is a conservative element with concentrations of
around 10 mM. Net fluxes of Ca*" and inorganic carbon (Ci) from the external medium to the
intracellular CV and low concentrations of free cytosolic Ca*" of around << 1 uM have to be
sustained to guarantee coccolith production, avoid toxic effects of high Ca®", and
coccolithophore functioning (Brownlee and Taylor, 2004; Verret et al., 2010; Araki and
Gonzales, 1998; Sanders et al., 2002; von Dassow, 2009). The absence of Ca’" causes a decline
of growths rates by hampering important cell signalling processes involved in cell division and
lowers PIC production (Herfort et al., 2004; Timborn et al., 2007; Leonardos et al., 2009;
Mackinder et al., 2011). At the plasma membrane (PM) of coccolithophores a variety of Ca®" -
channels/transporters were identified that modulate the Ca® PM passage. Voltage-gated Ca®*
permeable channels (CA,) were suggested to regulate the Ca®>" uptake from the external medium
(Mackinder et al., 2010; Dolphin, 2009). A recent model by Mackinder et al. (2011) suggests
that the peripheral endoplasmic reticulum adjacent to the PM might act as a trap and storage
pool for Ca*" ions. The Ca”" storage capabilities of the ER are well documented (Meldolesi and
Pozzan, 1998). In the ER proteins such as calreticulin bind calcium ions (Jacopo and Pozzan,
1998; Wahlund et al., 2004; Quinn et al., 2006). The calcium flux through the cytosol into the
CV and ER is probably mediated by SERCA-type ATPases (sarco/endoplasmic reticulum Ca*"
- ATPase) and Ca’>/H" VCX-type (vacuolar cation exchangers) to enhance an Ca*"-rich lumen
of the ER and achieve the required supersaturated conditions for the precipitation of CaCO;

inside the CV (Mackinder et al., 2010).

Inorganic carbon transport

Evidence shows that bicarbonate is the primary carbon source for the synthesis of CaCOj; in
coccolithophores (Frankignoulle et al., 1994; Israel and Gonzalez, 1996; Raven, 2011; Bach et
al., 2013). Transfer of bicarbonate along a gradient through the plasma membrane into the
cytosol is thought to occur passively (Brownlee et al., 1995; Anning et al., 1996). Furthermore,
recent finding also suggest the involvement of a putative HCO; transporters of the SLC44

(SLC4 family) in the carbonate / bicarbonate balance in E. huxleyi (von Dassow et al., 2009).
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The solute carrier SLC4 exchanging C1'/ HCO;” was successfully inhibited in E. huxleyi
(Herfort et al., 2002) and it was suggested that it might interact with carbonic anhydrase

enzymes (CA) in other eukaryotes (Vince and Reithmeier, 2000; Sterling et al., 2002).

Carbonic anhydrases are ubiquitous metalloenzymes and catalyze the reaction presented in

equation 4 in both directions.

CO,+H,0 2 HCOy + H' (Equation 4)

The reaction is fundamental for the buffering of the bicarbonate system and therefore
acid/base compensation in most organisms throughout all kingdoms. In higher plants and
phytoplankton it is key to deliver CO, to RuBisCo for photosynthesis but isoforms of CA were
suggested to be located in the cytosol and periplasmic space (Badger and Price, 1994;
Mackinder et al., 2010). It was suggested that CA facilitates the conversion of HCO; into CO,
at the cytosolic face of the plasma membrane decreasing the local concentration of HCO5 at the
cytosolic transport site (Isenberg et al., 1963). The expression of transcripts was up-regulated in
calcifying versus non-calcifying phases supporting it (Quinn et al., 2006; Richier et al., 2009).
Twelve different transcripts of CA have been identified in E. huxleyi (von Dassow et al., 2009).
Specifically a-CA (prokaryotic like) and y-CA - possibly located in or adjacent to the CV —
were confirmed to be involved in the calcification process (Soto et al., 2006; Quinn et al.,
2006). The CA reaction (Equation 4) also binds protons derived from the process of

calcification and produces CO,; for photosynthesis.
H+ transport

The regulation of proton levels is required to achieve certain membrane potentials, stable
conditions of cytosolic pH and to excrete protons derived from CA activity, in the chloroplast
and the CV to stabilize enzyme functioning, photosynthetic efficiency, and a regime for calcium
carbonate precipitation. Calcification and photosynthesis affect with cytosolic pH. Proton
pumping from the CV into the cytosol is necessary to create pH values of around 7 in the E.
huxleyi cytoplasma and around 8.2 in the CV favouring the passive conversion of HCO;  to
CO> (Dixon et al., 1998; Brownlee et al., 1995). The synthesis of CaCO; using HCO5’
produces protons and decreases the pH in the CV (refer to equation 3) requiring further proton
pumping. Protons may also leak across membranes because of a conductive gradient that would
be present at the cytosolic CV boundary (Suffrian et al., 2011), requiring continuous proton
pumping. P-type (plasma membrane) ATPases and V- (vacuole) type ATPases are universal in

eukaryotes removing protons from the cytosol (Finbow et al., 1997) and the latter may be Ca*
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stimulated, as shown in Pleurochrysis sp. (Araki and Gonzalez, 1998; Corstjens et al., 2001).
The electrochemical gradient between seawater pH 8.2 and cytosol pH 7 creates a plasma
membrane potential greater than -60 mV where high voltage gated H'- permeable channels

(HVCNT1) could remove intercellular H" (Corstjens et al., 2001; Mackinder et al., 2010).

1.5. The putative function of molecules involved in the nucleation of calcium carbonate

An organic matrix within the CV is important for the ordered nucleation of calcium
carbonate in coccolithophores. At the initiation of the coccolith formation a proto-coccolith ring
forms around an organic base plate of highly acidic polysaccharides (PSC). Coccolithosomes,
Golgi-derived polysaccharide and Ca”" dense vesicles, supply polysaccharides and Ca*" to the
coccolith forming vesicles (Outka and Williams, 1973; van der Wal et al., 1983). In P. carterae
three highly acidic polysaccharides, PSC-1, PSC-2 and PSC-3, have been identified to play a
role in calcite precipitation (Marsh et al., 1992). Immunolocalization has identified that PSC-1
and PSC-2 are synthesized in the Golgi cisternae, stay associate with the organic base plate
from the onset of crystallization until and after the coccolith is extruded to the cell surface
(Marsh, 1994). Mutants without PSC-2 produced less than 5% calcite compared to wild-type
cells (Marsh and Dickinson, 1997) and PSC-3 mutants were unable to form mature coccoliths as

seen in wild-type cells (Marsh et al., 2002).

Emiliania huxleyi appears to have one polysaccharide termed the coccolith-associated
polysaccharide (CAP) associated with extracellular coccoliths (de Jong et al., 1976). This
complex polysaccharide is a galacturonomannan that consists of a sulphated mannan backbone
with a variety of side chains rich in galacturonic acid (Vliegenthart, 1981), showing similarities
to PSC-3 (Marsh, 2003). CAP has the ability to inhibit crystal formation in a supersaturated
solution of Ca*" and CO;” (Borman et al., 1982) but also directs crystal growth by its specific
affinity to calcite (Henriksen et al., 2004). In E. huxl/eyi a highly acidic macromolecule
containing high levels of glutamic acid, proline and alanine (GPA) has potential Ca*"-binding
capacity (Corstjens et al., 1998) and has been identified in E. huxleyi morphotypes A and B. The
expression of the coccolith morphology motif (CMM) genomic region in the E. huxleyi
correlates with the morphotype of the coccoliths (Schroeder et al., 2005). Counter-intuitively, a
down regulation of GPA gene transcripts was found in calcifying cells suggesting a possible but
debatable inhibitor role of GPA at high Ca*" concentrations (Mackinder et al., 2011).
Mackinder et al. (2010) suggested that an amorphous calcium carbonate (ACC) phase is being
created in smaller vesicles (precursor of CV compartments) or Golgi cisternae, transported and

merging into a CV, where the crystallization is directed by silk fibroin proteins in a non-
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aqueous environment (Weiner et al., 1984). An transient precursor such as ACC is found in
mollusc larval shells transforming into aragonite (Weiss et al., 2002) and in the spicules of sea
urchin larvae eventually forming calcite (Beniash et al., 1997). The proposed presence of ACC
in coccolithophores finds theoretical support by the limits of the CV membrane that cannot fit
the required abundance of membrane associated transporters to establish the chemical
environment for CaCO; precipitation and uphill Ca>" -transport onto its surface (Mackinder et
al., 2010). If the larger surface of an endomembrane system as the Golgi body (cis-Golgi
network) could provide sufficient protein bound Ca®" the coccolithosome would represent a
carrying vesicles and the CV would sustain precipitation favourable conditions. A likely acidic
lumen of the E. huxleyi Golgi body (Llopis et al., 1998) would support the directed movement

of calcium ions into the Golgi body.
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SLC-4 exchanger

¢Vacuolar Ca?*/H* antiporter Yv-type H* ATPase

¢ NCKX Na?*/Ca?* exchanger O Vesicle/coccolithosome

mCaIicium Channels

Figure 1-3: Cell structure of Emiliania huxleyi showing cell structure, suggested transporters and
molecules involved in biomineralisation according to the reviewed literature and summary in Table
1-1. ER: endoplasmic reticulum, N: nucleus, RB: reticular body, M: mitochondria, CP: chloroplast,
P: pyrenoid, PER: peripheral endoplasmic reticulum, GB (cis and trans face): Golgi body. Italic
letters show the suggested position of molecules involved in calcification processes, such as: cla:
clathrin, CaM: calmodulin, cr/: calreticulin, gpa: glutamic acid, proline and alanine, cap: coccolith-
associated glutamic acid, psc: highly acidic polysachharides, and ca: carbonate anhydrase.
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1.6. Understanding cell functioning in the post-genome era

In the post-genome era scientists are studying the products of the genome, namely proteins
and expressed RNAs, such as messenger RNA (mRNA), tRNA (transfer RNA) and rRNA
(ribosomal RNA) to quantify gene expression and unravel the relationship between the genome
and cell functioning. The cell’s functional properties are delivered by the transcription of the
coding regions of a gene (exon) into mRNA translation by ribosomes into amino acid (AS)
strands and the folding of such polypeptides into globular or fibrous forms, facilitating a
biological function. Cytosolic post-translational modification such as acetylation, adenylation,
phosphorylation, sulphuration or addition of N- or O-linked saccharide are critically influencing
the formation of the functional 3-D structure, activity, distribution, and the subcellular
compartmental placement of the protein (Kalia and Gupta, 2005). Stimuli to the cell can induce
transient event, where protein modification not necessarily requires the expression of a gene

(Mitton and Kranias, 2003).

In transcriptomic research all RNA molecules including mRNA, rRNA, tRNA and non-coding
RNA (ncRNA) (Huettenhofer and Vogel, 2006) are in the focus of interest. The transcripts
represent a signature of gene-expression and activated genes. The entity of transcripts also
provides the essence in understanding the functional and regulatory elements at the
transcriptional and post-transcriptional level. One application of transcriptomics is the
quantification of gene expression changes at different developmental stages or physiological
conditions (Wang et al., 2009). Furthermore, whole cell transcriptome assessments can be used
conduct de novo sequencing of an organism’s genome (Grabherr et al., 2011). In
metatranscriptomics RNA sequences from a group of interacting organisms are assessed and
may point to important and novel molecules in ecosystem functioning (Warnecke and Hess,

2009).

Unlike the transcriptome, which is subject to post-transcriptional modification, the proteome
gives insight into the protein inventory of a cell or organisms. Messenger RNA is often altered
or not translated into proteins at all (Anderson and Seilhamer, 1997; Chen et al.; 2002; Tian et
al., 2004; Choi et al., 2008). Proteins are much more stable and reflect active biochemical
pathways more effectively than transcripts. In proteomic research, the quantity, diversity,
structures and functions of proteins are studied (Anderson and Anderson, 1998; Blackstock and
Weir, 1999). The term proteome originally describes the ‘total protein complement of a
genome’ (Wasinger et al., 1995). Presently, most studies address the ‘whole cell proteome’,
which should reflect the entire protein inventory of the cell at a current physiological state or

point in time (Wilkins et al., 1996), but due to methodological constrains only subsets of the
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‘whole cell proteome’ may be observed. Studying the physiological state of a cell at the protein
expression level considers post-translational modifications (Olsen et al., 2006; Lopez, 2007),
non-translated mRNA (Eddy, 2001) and genetic regulatory processes. The proteome reflects a
snapshot of the putative effective cellular processes at a given moment (Wilkins et al., 1996).
Proteome studies in combination with transcriptome studies give comprehensive information

about cell gene expression, protein translation and the physiological status of the cell.

Because of modifications at the post-transcriptional and post-translational level, whole-cell
transcriptome and proteome assessments capture the complexity of cell functioning better than
the genome sequence. Because, the total mRNA population of a cell does not correlate with the
abundance of proteins (Anderson and Seilhamer, 1997; Chen et al. 2002; Tian et al., 2004; Choi
et al., 2008) the proteome gives improved information about current physiological processes.
Furthermore, the proteome is more stable than RNA transcripts (Anderson and Anderson,
1998). However, in standalone proteome or transcriptome studies limits of the inferences that
can be drawn exist. For instance, the amount of ncRNA may be very large, whereas in more
complex organisms only 5-10 % of the genetic code may be transcribed into mRNA (Frith et al.,
2005). Alternative splicing or alternative transcription initiation and termination, and RNA
editing can produce variants of mRNA that do not reflect the genetic origin. Protein’s dynamic
structure, their interaction with other proteins and molecules make it difficult to receive more
than a snapshot of the cell’s proteome (Humphrey-Smith et al., 1997). Furthermore, there are
many technical challenges in extracting and characterizing proteins that cannot be easily
amplified and have several post-translational modifications if they are yet unknown (Blackstock

and Weir, 1999).

1.6.1.A history of transcriptome research technologies

In the mid-1970s the first quantification of mRNA using the Northern blotting method,
which applies gel electrophoresis and blotting with hybridization probe-dependent detection of
target RNAs (Alwine et al., 1977) became available. Reverse Transcription quantitative
Polymerase Chain Reaction (RT-qPCR) improved the quantification of RNA from genes of
pathways of interest in 1992, because the produced complementary DNA (¢cDNA) was more
stable, easier to sequence and to quantify. RT-qPCR was further enhanced by the development

of real-time qPCR in 1996 that delivers immediate results (VanGuilder et al., 2008).
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The era of transcriptomics and transcript discovery also began in the 1990s when great
progress in the analysis of transcripts was made by establishing high-density microarray
platforms. Microarray platforms allow parallel measurements of thousands of different
transcripts, revealing a snapshot of the wider transcriptional state of an organism rather than
looking at a limited number of transcripts of interest, as the case in PCR based studies
(VanGuilder et al., 2008). Microarrays are based on the hybridization of transcripts from a
biological sample to complementary DNA (cDNA) sequences, also called probes, located on a
solid surface, such as a chip. The probes are arranged spatially in cohorts (features) on the chip
for recruiting reverse transcribed sequences of the sample. The quantification of transcript
abundance is achieved by fluorescent signals emitted by the reverse transcribed RNA copies
recruiting to the features. For this, the extracted poly-adenylated mRNA was reverse transcribed
in the presence of nucleotides that are linked to fluorescent dyes. The resulting fluorescent
complementary DNA molecules bind to the sequences located on the microarray. A final
washing step removes unbound cDNA, before the microarray is scanned with a laser that excites
the fluorescent dye associated with the cDNA. The brightness of each feature is a measure of

the relative abundance of the transcripts of each gene that is represented on the array.

An early sequencing-based technology to measure the abundance of mRNA transcripts is the
Serial Analysis of Gene Expression (SAGE, Velculescu et al., 1995). In SAGE large numbers of
short sequence tags excised from mRNA transcripts are reverse transcribed and the cDNA
sequenced on genome sequencers. Bioinformatic tools are then used to identify the source gene
of the sequenced tags. The advantage of SAGE is that it holds the possibility to discover

unknown transcripts, isoforms or splicing products of transcripts (Velculescu et al., 1995).

1.6.2.Next generation sequencing (NGS)

More recently next-generation sequencing technologies have become available to assess the
total transcript diversity and abundance. This approach, called RNA-seq, is based on the general
procedure by which the selectively extracted RNA molecules of interest, such as eukaryotic
mRNA via poly-adenylated tags, are revers transcribed to cDNA. The cDNA sequences are
determined by rapid parallel sequencing (Wang et al., 2009). Next generation sequencing of
transcriptomes has advantages over microarray studies due to the potential of isoform discovery
and the ability to determine transcript abundances at a higher resolution than typically possible
with microarrays. With RNA-seq genome-wide transcription may be analysed, thus providing
additional features such as, analysis of novel transcripts, sSiRNA, miRNA and alternative
splicing events. Furthermore, RNA-seq holds keys to analyse the regulation of gene expression

by exposing transcribed but non-translated regions, such as UTR (un-translated regions) that
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may act in regulating gene expression (Nookaew et al., 2012). A typical RNA-seq experiment
generates large numbers of short reads that are aligned to an annotated reference genome using
mapping tools (Martin and Wang, 2012). In next generation sequencing read lengths between 30
and 400 bp, depending on the sequencing technology and platform, are possible. Commonly,
used sequencing platforms are SOLEXA, 454, and [llumina platforms. The continuous advances
in sequencing technologies and protocols have established RNA-seq as an attractive analytical

tool in transcriptomics and reduced running costs of an experiment (Nookaew, 2012).

Next generation sequencing transcriptomic experiments produce large amounts of data.
Therefore, the bioinformatic toolbox is also in continuous expansion to increase the validity of
the assumptions of functional properties concluded from NGS experiments. Many statistical
methods applied in microarrays can be applied with a few modifications to NGS data sets (Fang
et al., 2012). The approach to analyse the data comprises three steps: data preprocessing,
statistical analysis, and functional interpretation. The data-preprocessing step includes artifact
filtering and short read alignment/assembly. To identify differentially expressed transcripts
among different samples or conditions statistical tests are performed. The results can be further
analyzed to gain functional insights using gene ontology annotations (Fang et al., 2012).
Statistical tools that distinguish for example the overexpression of transcripts comprised by a
functional group, such as GO (gene ontology), are also available (Chen et al., 2012). More
modern bioinformatic algorithms are able to conduct de-novo sequencing of a genome from the

transcriptome information (Birol et al., 2009).

1.6.1.Next generation high throughput transcriptomic methods

Originally a variety of transcriptome analysis methods were developed based on sequencing
previously cloned tags located in specific transcript locations (usually 3' or 5' ends) such as
serial analysis of gene expression (SAGE) (Velculescu et al., 1995) and massively parallel
signature sequencing (MPSS) (Brenner et al., 2000) Quantitative polymerase change reaction
(qPCR) - experiments and microarrays also use pre-selected sequences from known genomes to
assess transcripts at different physiological states of an organism (Quinn et al., 2006). Using
hybridization-based microarrays expression levels over the entire transcriptome are accessible.
However, background hybridization levels and different hybridization properties of the probes

may bias the results (Denoeud et al., 2008).

The Sanger — sequencing is a method along with computational means that has increased the
quality and speeds of DNA strand sequencing (Sanger et al., 1997). In expressed sequence tag
(EST) analysis, randomly picked complementary DNA (cDNA) representing RNA transcripts
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are partially sequenced by Sanger sequencing and redundancies removed to create a cDNA
library (Nagaraj et al., 2006; Bonaldo et al., 1996). The double stranded cDNA is synthesized
by reverse transcription using a specialized enzyme, the reverse transcriptase. However this
approach is relatively low throughput, expensive and generally not quantitative (Wang et al.,
2009). Serial analysis of gene expression (SAGE) (Velculescu et al., 1995; Harbers et al., 2005),
cap analysis of gene expression (CAGE) (Kodzius et al., 2006), and massively parallel signature
sequencing (MPSS) (Brenner et al., 2000) use tags to provide higher throughput and gene
expression levels. However, expensive Sanger sequencing and short tags providing a limited

resolution of transcripts and isoforms are disadvantageous (Wang et al., 2009).

Denoeud et al. (2008) and Wang et al. (2009) introduced RNA-Seq (RNA sequencing) that
can create a library of cDNA fragments with adaptors attached to one or both ends and by this
assess the total RNA or a fraction, such as poly (A)+ - extracted. High-throughput sequencing
platforms such as those from SOLEXA or [llumina sequence each molecule from one end
(single-end sequencing) or both ends (pair-end sequencing) in the range of 30-400bp (base
pairs). The reads reflect the gene expression levels and structure for each gene after alignment
to a reference genome or reference transcripts. A greater number of alternative splicing events
can be revealed in RNA-seq and it promises the discovery of novel sequences and molecules
that have not been annotated or sequenced previously (Denoeud et al., 2008). The on-going
advances in next generation sequencing techniques and decreasing costs will continue to make

RNA-seq a broadly used technique addressing biological and ecological questions.

1.6.2.HiSeq Illumina based RNA sequencing

Next generation genomics apply massive parallel sequencing technologies followed by
computationally matching the readouts to known reference sequences. One of the PCR-based
next generation sequencing technologies for massive parallel RNA sequencing was introduced
in 2007; it utilizes the Illumina sequencing platform (Shokralla et al., 2012). The Illumina
platform comprises the steps of library preparation (ligation of Illumina specific adapters),
cluster generation (bridge amplification) and DNA sequencing. The general approach in most
next generation sequencing technologies is very similar. The DNA of interest is randomly
fragmented; the fragments are then ligated to custom linkers. The linkers establish a library on a
solid surface of the cell where the DNA is amplified and then sequenced by stepwise nucleotide
synthesis cycles. During each cycle of the sequencing process nucleotides attach to millions of
the amplified DNA-fragments of interest and are detected in parallel over the entire surface of a
flow cell lane by light sensitive sensors (Mardis, 2008). Each lane in an Illumina flow cell can

hold one DNA sample. The steps of cDNA fragmentation, adapter ligation, flow cell surface
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attachment, bridge amplification, building of double stranded DNA strands, and denaturation of
double stranded are repeated until ANTPs are depleted and clusters of single-stranded DNA
were built (Figure 1-4). After attaching primers to the DNA during each sequencing cycle one
base labelled with a specific fluorescent dye is added. A camera records the position of the

fluorescent signal when the flow-cell is scanned with an excitation laser.
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Figure 1-4: Illumina Sequencing technology. Illustration of the steps occurring in the flow cell up to
DNA cluster generation using Illumina Sequencing technology. Image presented with courtesy of
[llumina Incorporation.



CHAPTER 1 - GENERAL INTRODUCTION 21

1.6.3. Advanced proteomics methods and principles of mass spectrometry

proteomics

Traditionally, proteomic studies were conducted largely by high-resolution two
dimensional gel electrophoresis (2DE) that separates proteins according to their charge and size
(O'Farrell, 1975). The detection of some post-translational modifications of proteins is also
possible with 2DE (Anderson & Anderson, 1998). Though a promising technique at its time
2DE could not be improved to overcome issues of low sample throughput, poor reproducibility
and poor resolution for proteins of extreme isoelectric (p/) values, and high labour intensity
(O’Connor et al., 2000; Rehm, 2006). Modern quantitative high-resolution methods apply mass-
spectrometry (MS) that can identify large numbers of proteins by their biological mass at their

core (O'Connor et al., 2000; Lopez, 2007).

In mass-spectrometry the mass to charge ratio of ions of an ionized samples is measured.
Electrical and magnetic fields within the mass spectrometer alter the speed and direction of the
injected ions. The degree by which the ion is deflected depends on its mass-to-charge ratio. The
principle parts of sections of a basic mass spectrometer are the ion source, deflector and detector

(see Figure 1 -5).
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Figure 1-5: Schematics of a mass spectrometer after Devon Fyson (Wikimedia Commons), showing
the key features of sample ionization, deflection and detection.



22 CHAPTER 1 - GENERAL INTRODUCTION

When a detector, such as discrete dynode electron multiplier, for example, receives the ions,
their relative abundance is displayed as spectra. Another approach to obtain mass analysis of
ions in mass spectrometry is by time of flight mass spectrometry (TOF) (Wiley and McLarren,
1955). In TOF, the mass-to-charge ratio is determined by the time it takes for ions with the same
kinetic energy to reach the detector. Accelerated by an electrical field the ions arrival at the
detector only depends on their mass-to-charge ratio (m/z). The principle design of MS and TOF
was further developed. In the tandem mass spectrometry (MS/MS) two mass spectrometry steps
excel the analytical capabilities of a single instrument. MS/MS involves that fragments of the
precursor ions are scanned. In the first MS — step ions are selected according to their m/z.
Fragment ions are produced by a variety of processes, for example, dissociation, collision, ion-
molecule reaction, or photo-dissociation. The separation and identification of fragment ions of a
particular mass-to-charge ratio occurs in the second stage of mass spectrometry. Quadrupoles
have become an important and economic part in mass spectrometer, as they can be utilized as
detector of m/z (Q), filter, focussing, or collision units (q) for ions of specific mass to charge
ratios if multiple quadrupoles are aligned. Four cylindrical parallel rods, of which opposing rods
receive an AC current with a DC offset for ion manipulation, are assembled in one quadrupole
(Gross, 2011). By operating quadrupoles with the AC current and DC offset at radio frequency
(r.f. mode) an average three-dimensional electrical force is created that focuses or traps

electrically charged ions (Watson and Sparkman, 2007).

In mass spectrometry proteomics research two general strategies are followed, which are
controlled by means of sample preparation. The bottom-up approach uses complete that are
enzymatically digested into peptides whereas in the top-down approach intact proteins or their
exact fragments are analyzed. The top-down approach requires large sample sizes and high
mass accuracy instruments compared to the more versatile bottom-up approach, in which a
greater variety of mass spectrometry instrument and reduced sample amount can be utilized.
When dealing with complex protein samples the bottom-up approach is preferred (Yates et al.,
2009). The investigation of a cell’s proteome follows the bottom-up approach and has
similarities to whole DNA sequencing, where small parts of the DNA sample are created and
clustering overlapping DNA sequences into larger sequences reveals the entire DNA sequence.
Because of the fractionation of DNA or protein digestion into peptides the techniques were
given the terms “shotgun genomics”, and “shotgun proteomics”, respectively (Wolters et al.,
2001; Aebersold and Mann, 2003). In shotgun proteomics the masses from peptides of a protein
digest are matched to known or predicted masses of peptides in database searches (Perkins et
al., 1999; Yates et al., 2009). Based on in silico-generated fragmentation patterns or reading

frame translations together with genetic database searches the components of the proteome can
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be established (e.g. Jones et al., 2013). Bottom-up proteomic studies apply tandem mass
spectrometry and the associated computational pipelines as core instrumental features when
investigating chemical protein modification and conduct quantitative analysis of proteins in
cells or tissues. However, the data is not without bias and may show limited protein sequence
coverage of the identified peptides, missing post-translational modifications, and bias related to

the origin of redundant peptide sequences (Yates et al., 2009).

A liquid chromatograph (LC) or capillary electrophoresis system can separate polar peptides
of low volatility according to their net charge prior to mass spectrometric analysis. Thus, the
protein identification and quantification process in MS-proteomics becomes a multi-step
procedure. At first the protein-concoction is digested into a complex peptide mixture and run in
a LC, for example. The chromatographically focused fractions of the peptide mixture are
ionized and injected into the mass spectrometer for analysis. Nano-electrospray ionization
(Mann and Wilm, 1995), partial (no discharge) atmospheric pressure chemical ionization
(Cristoni et al., 2002), and matrix-assisted laser desorption ionization (MALDI) (Patterson and
Aebersold, 1995) are common ionization techniques in mass spectrometry. Electrospray
ionization multidimensional liquid chromatography combined with tandem mass spectrometry
(LC/LC-MS/MS) is a preferred method for dissolved protein samples and delivers weight
signatures of peptides that require further in silico annotation by reference genomes or EST
(expressed sequence tags) — libraries to identify the functional proteins (e.g. Jones et al., 2011).
The MALDI expanded the application field in biological research as it could be utilized to
ionize protein dots directly from 2D electrophoresis gels using automated stepper motors, for
example (Chernushevich et al., 2001). One downside of MALDI mass spectrometry is the lack
of sufficiently detecting peptides of low abundance from silver stained gels (Berndt et al, 1999).
However, the laser ionization was not restricted to samples attached to matrix or surfaces and
could also ionize elutes from continuous flow after liquid chromatography providing high
sample throughput rates and high mass accuracy (Pasch and Pode, 1995; Nagra and Li, 1995).
MALDI-generated ions are predominantly singly charged providing a preferable ion stream for
top-down analysis of high-molecular-weight proteins. The low shot-to-shot reproducibility and
labour intense sample preparation (Yates et al., 2009) evolved into a method using digested
proteins as a source and an optional layered methods. If the peptide passed the MALDI-TOF
MS without identification nanoelectrospray tandem mass spectrometry was applied to ensure
peptide identification (Shevchenko et al., 2000). By coupling MALDI with orthogonal injection
hybrid quadrupole time-of-flight mass spectrometer (MALDI QqTOF) a further substantial
breakthrough in proteomics research was made. However, the Orbitrap® is the state of the art
technology in bottom-up proteomic research. In Orbitrap®, ions are trapped in orbits around

static electric fields. The ions spin around a central electrode and oscillate in axial direction. The
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axial oscillations of the ion rings are detected by an outer electrode and amplified. The m/z ratio
is calculated from imaged orbits based on the principle of Fourier transform ion cyclotron
resonance mass spectrometry. MALDI is the ionization method of choice in Orbitrap®, because
it works better with pulses of ions rather than continuous streams of ions (Yates et al., 2009;

Gross, 2011).

1.6.4. MALDI quadrupole time-of-flight mass spectrometry

MALDI QqTOF (Figure 1-5) is a next generation proteomic research tool that has been
appreciated by the analytical community for its robustness and its powerful and unique
capabilities (Chernushevich et al., 2001). The QqTOF mass spectrometry harvests the power of
analytical (Q) and collision (q) quadrupoles (Shevchenko et al., 2000; Chernushevich et al.,
2001). As the MALDI ionization produces pulses of ions rather than continuous beams it was
incompatible with scanning mass analysers. Hence a cooling and focussing quadrupole is added
immediately after the ionization (Figure 1-6). In MS mode the Q1 quadrupole could perform
MS analysis by using the TOF section as a total ion current detector only. The advantage of
better peptide identification through TOF spectra implies that the Q1 is used for Q1 calibration
and tuning only (Chernushevich et al., 2001). TOF measurements are of multiple ions are

synchronized by Q2, which traps ions before releasing modulated bursts into the TOF.
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Figure 1-6: MALDI QqTOF mass spectrometer design shown with a matrix or gel source as samples
(2D stage). In MALDI QpTOF, Q refers to a mass-resolving quadrupole (Q1), q refers to hexapole
collision cell (Q2) (r.f.-only quadrupole) and TOF refers to a time-of-flight mass spectrometer. The
QO is an additional r.f. quadrupole that was added to provide collisional cooling and focusing of the
ions created by the laser impulse. In MS only operations the Q1 would act as the mass analyzer.
Since the TOF provides improved spectra quality the Q1 is only used for calibration and tuning. The
Q2 acts as a collision cell trapping ions before releasing short burst into the TOF modulator and
finally to the TOF itself (after Chernushevich et al., 2001)

The resulting spectra benefit from the high resolution and mass accuracy of the TOF
instruments, and also from their ability to record all ions in parallel, without scanning
(Chernushevich et al., 2001). A MALDI QqTOF can identify the components of simple
mixtures if the relative abundance of the components differs by the factor 10. An upstream high
performance separation technique like UPLC or LC for complex protein mixtures with lower
relative abundance of peptides in a trypsin digested protein sample will increase the analytical
performance of MALDI QqTOF further, as the peptides entering the MS analysis have been
pre-fractionated by size (Reemtsma, 2003; Farr¢ et al., 2007). Furthermore, chromatographic
fractionation in combination with QqTOF mass spectrometer provides a significantly higher
mass resolution than quadrupole analyzers by themselves and the available mass resolution of
TOF instruments diminish the problem of isobaric interferences allowing for analysis of

complex samples using of isobaric tags (Farré et al., 2007).
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1.6.5.Transcriptomics and proteomics in coccolithophore studies

The genome E. huxleyi (strain CCMP1516) has been sequenced and is publically available at
the Joint Genome Institute (www.doe.jgi.gov). Recent studies on E. huxl/eyi have used this
reference and attempted to shed light into the function of transcripts and the molecular origin of
coccolith formation using expressed sequence tags (ESTs), suppressive subtractive
hybridization (SSH), serial analysis of gene expression (SAGE), cDNA microarrays, and qPCR
to identify numerous proteins and genes also found active in the biomineralisation process of
other marine organisms (Wahlund et al., 2004; Nguyen et al., 2005; Dyhrman et al., 2006;
Quinn et al., 2006; Fujiwara et al., 2007; Richier et al., 2009; Dassow et al., 2009; Richier et al.,
2011). These experiments were designed to reveal differences in gene expression related to
calcification rates using nutrient starvation or strains showing different calcification properties.
However, the transcripts provided only low recovery rates for proteins and their isoforms
putatively involved in the calcification process, encourages subsequent studies applying state of
the art sequencing techniques to unravel the genome functioning of Emiliania huxleyi and

coccolithophores (Dyhrman et al., 2006; Quinn et al., 2006).

Pioneering proteomics-research on coccolithophores by Jones et al. (2010) identified 99

proteins operating from a variety of physiological pathways in the E. huxleyi strain NZEH (PLY

# M219) (Jones et al., 2011). However, this protein recovery rate appears very low when

compared for example to Saccharomyces cerevisiae where 4300 verified proteins were
identified (King et al., 2006). To discover proteins involved in the calcification process, pCO»-
enrichment experiments, known to enhance calcification in E. huxleyi NZEH were conducted
(Jones et al., 2013). Under high pCO, conditions, only 4 homologous protein groups were
significantly down-regulated in the NZEH strain, namely: Histones H2A, H3, and 4 (H4) and a
chloroplastic 30S ribosomal protein. Histone 4 is a structural component of the nucleosome and
is a methyl donor involved in transcription and translational processes (Chiang et al., 1996).

These results however are difficult to evaluate with respect to biomineralisation, because a) both
molecules are unlikely to play a role in biomineralisation process and b) E. huxleyi PLY
M219 under high pCO, was found to accumulate more PIC. The underlying mechanism for the

increased PIC accumulation remains unclear. The identification of more key genes and proteins

is required to shed light the functioning of calcification processes (Richier et al., 2009).
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1.6.6.Key aims and Objectives

Determine the growth rates, physiological parameters, and rates of photosynthesis and
calcium carbonate production using stable isotope incubations over 24 hours.

Investigate cell cycle related differences of DNA content over a 24-hour period to conclude
cell cycle phases.

Determine adequate cell harvesting times for the sampling of transcriptome and proteome at
high and low calcification phases where other cell cycle phase related processes and the
involved gene expression are limited.

Compare the transcriptomes at high and low calcification phases of the cell cycle of
Emiliania huxleyi with an emphasis on transcripts that are potentially involved in
biomineralisation using next generation sequencing techniques.

Compare the proteome at high and low calcification phases of the Emiliania huxleyi cycle
with an emphasis on proteins that are potentially involved in biomineralisation applying
shotgun-proteomics for protein identification and protein quantification.

Investigate general differences of the transcriptome and proteome at high and low
calcification phases of the Emiliania huxleyi cell cycle..

Investigate coherent molecular and gene expression characteristics of the observed

transcriptome and proteome patterns.
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Chapter 2.  Rates of photosynthesis and
calcification in the cell cycle of Emiliania huxleyi

(Lohmann), Hay et Mohler

2.1. Introduction

Coccolithophores possess varying rates of cellular calcification based on their genetic
repertoire and plasticity, depending on environmental conditions, and cell or life cycle phases
(Paasche, 2002). For example, high, low- or non-calcifying strains of the coccolithophore E.
huxleyi have been observed, including the high calcifying strain NZEH (PLY# M219) (Iglesias-
Rodriguez et al., 2008; Shi et al., 2009) and the low calcifying strain 279 (Scottish Marine
Biological Association) (Nimer et al. 1992). Limited availability of phosphorous has been
shown to result in an increase of calcium carbonate per cell (Paasche, 1998; Miiller et al., 2008)
as low light conditions were found to decrease net calcification rates (Bleijswijk et al., 1994).
The life cycle of E. huxleyi is characterised by three different life-cycle phases or cell types: 1)
diploid non-motile coccolith-bearing (calcified cells); 2) diploid non-motile non-calcified
(naked) cells; and 3) haploid non-calcified cells of the flagella phase bearing only organic

scales.

Within a natural 24 h cycle of light and dark, calcifying E. huxleyi cells generally undergo
phases of higher and lower calcification rates and pass through the cell cycle (Miiller et al.,
2008; Paasche and Brubak, 1994; Paasche, 2002). These diurnal fluctuations in calcification
rates correlate with the two phases, which are dominated by photosynthetic carbon assimilation
and cell division. A more detailed look at the cell cycle with respect to cell division separates
four phases: the G1-phase of photosynthetic carbon assimilation (Mitchison, 1971), the S-phase
where the genomic information is replicated and the G2 and M-phases, where cell division is
arranged, coordinated and completed (Figure 2-1). In the cell cycle of E. huxleyi maximal
calcification rates are closely correlated with the photosynthetic carbon assimilation (G1-phase)
(Paasche, 1962). Calcification rates arrest when the DNA is replicated (S-phase) to prepare for
cell division (G2/M phase). As the majority of the cell population of E. huxleyi divided within a
short period cells subsequently continued into the early G1-phase, where no light for
photosynthesis existed (Miiller et al., 2008). Some calcification in the S and G2/M phase were
reported to occur in E. huxleyi, but at much decreased rates compared to the photosynthetic
phase (Balch et al. 1992; Paasche and Brubak 1994; Sekino and Shiraiwa 1996). Furthermore, a

population of cells undergoing the cell cycle is not fully synchronized (Hagiwara et al., 2012).
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Figure 2-1: Proposed general scheme of a cell cycle of a coccolithophore based on finding of Miiller
et al. 2008, showing G1 —assimilation phase or gap 1, S — DNA synthesis — phase, G2 + M-cell
division - mitosis-phase. Calcification and photosynthetic carbon assimilation in the G1 — phase is
illustrated as a relative increase in lith-numbers and cell size. The timing and the duration of the cell
cycle phases are roughly estimated from Mueller et al., 2008 Figure B, whereas in reality the phases
overlap and especially the S and G2+M-phase can not be clearly separated in a population of cells.
The grey shaded area indicates the dark incubation phase.

Two general models describing the mechanisms driving the cell cycle have been proposed: an
internal clock (Edmunds and Adams, 1981) and a triggered oscillation, such as by the external
light dark cycle that solely triggers the cell cycle phases (Spudish and Sager, 1980). Recent
research has illuminated the controls of the cell cycle at the genome level (e.g. Kondorosi et al.,
2000; Bisova et al., 2005; Inzé et al., 2006; Carretero-Paulet et al., 2010). A cascade of
interacting molecules and gene clusters has been found to control the cell cycle oscillation. In
yeast, for example, cyclins (PCL9, CLN3) and regulators for DNA replication (CDC6) initiate
the cell cycle (Bastajian et al., 2013). A key role is played by the Early Cell cycle Box (ECB)
comprising a gene cluster, which is regulated by further transcription factors (MADS-box’s
Mcml or the repressors Yox! or Yhpl) describing a principal cell cycle interface through which
the cell may change its fate (Bastajian et al., 2013). It is likely that a similar feature such as the
ECB is present in other organisms. A change of fate leading towards a delay of cell division
may occur if environmental conditions or resources within the cell are unfavourable. The
survival strategy for delayed or halted reproduction is known from higher plants and animals
and is a common feature in nature (e.g. Kirk, 1997). In E. huxleyi, a delay in cell division might

also reflect a response to adverse environmental conditions. Emiliania huxleyi’s cell division
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rates were reported to reach up to 2.8 divisions per day when sufficient nutrients and light were
supplied (Price et al., 1998). Moreover, a surplus of nutrients or light was found to extend the
duration of the G1 phase and interrupt cell division leading to an increase of the CaCOs-content
per cell (Miiller at al., 2008). An increase of calcium per cell was also found when E. huxleyi
was exposed to increased levels of CO, (Iglesias-Rodriguez et al., 2008; Jones et al., 2013).

The research summarised in this chapter investigated the diurnal rates of photosynthesis and
calcification. Using "*C-radionuclide incorporation, together with flow-cytometric DNA-content

analysis for cell cycle phase determination, the diurnal cycle of the E. huxleyi strain PLY #

M217 was described. These data were used in subsequent experiments to identify the target

times to obtain samples for transcriptome and proteome analysis.

2.2. Material and Methods
2.2.1.Culturing

The strain Emiliania huxleyi PLY# M217 [also known as CCMP 1516 strain (Provasoli-
Guillard National Centre for the Culture of Marine Phytoplankton, Maine, USA)], was obtained
from the Plymouth Culture Collection of Marine Microalgae. At the National Oceanography
Centre, Southampton batch cultures of PLY# M217 were maintained in /50-Si (Si-free)
seawater medium (Guillard, 1975; Balch et al., 1992). The culture medium was prepared from
filter-sterilised seawater obtained during a cruise offshore from Plymouth (U.K.) using a pore
size of 0.22 um (Millipore, Billerica, USA). The medium contained final nutrient concentrations

of 36 uM nitrate and 1.45 uM phosphate.

To ensure that the cells were in exponential growth at the beginning of the experiment, the 1 L
medium in each replicate was inoculated to achieve 500 cells per mL. The pre-experimental
cultures were exposed to irradiance levels of 94 + 4 pE m™ sec™ (n=20) over a 12:12 light: dark
(LD) cycle at 18 °C and were mixed daily. The pre-experimental cultures reared in exponential

growth for at least 20 generations prior to radioisotope incubations.

2.2.2. Experimental Design

Three stocks of 14 L culture media in 20L Nalgene®™ (Thermo Scientific™, Loughborough,
U.K.) culture vessels were inoculated with 2000 E. hux/eyi cells in exponential growth. The
stock cultures were grown for five generations until cell densities reached 50000 to 100000 cells

mL™". The stock cultures provided three aliquot cultures of 50 mL for radioisotope incubation
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with "“C-labelled sodium bicarbonate (NOC/RAM/730A). The sampling of aliquot cultures
commenced at 10 am on the 19" April 2011 and then every other h until 10 am, of the 20™ April
2011. Particulate organic carbon (POC) and particulate inorganic carbon (PIC) were measured
following the micro-diffusion technique after Paasche and Brubak (1994) and Balch et al.
(2000). For biogeochemical and chemical analysis including cell counts, nutrient measurements,
chlorophyll a per cell, particulate organic carbon and particulate organic nitrogen (PON), flow
cytometric DNA content analysis, chlorophyll, and photosynthetic health, a 250 ml sample was

obtained at each sampling time from stock culture (see Fig. 2-2).

14 L stock culture at 12:12 light : dark cycle

every 2 hours

e
3 x50mL
+ 14C- |labeled
NAHCO, 1x 250mL
* Cell counts
1xPOC + Cell volume
1xPIC . PIC
1 x Formalin blank . POC

* Chlaand Fv/Fm
* Flow cytometry

Figure 2-2: Experimental setup — cell cycle related calcification rates of E. huxleyi. Sampling layout
for two hourly measurements for each of three stock cultures growing Emiliania huxleyi

2.2.3.Assessment of DNA content per cell

For the assessment of DNA content per cell one sample of 1.8 mL was taken from the well-
mixed 250 mL culture aliquot and 0.2 mL of a glutaraledehyde-paraformaldehyde mixture (10%
and 5% (v/v)) was added to fix the sample. The samples were allowed to incubate for two hours
at room temperature and then stored at -80 °C until further analysis. The DNA content was
quantified by staining the defrosted samples with SYBR green I (Sigma-Aldrich, St. Louis,
USA) for 45 min. SYBR green specifically binds to double-stranded DNA and the emitted

fluorescent signal is proportional to the DNA content of the cells (Wittwer et al., 1997; Nunez,
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2001). Multifluorescent beads (diameter 0.5 pum; Polysciences Europe GmbH, Heidelberg,
Germany) were added to each sample for size calibration. The fluorescence of the cells was
measured using a FACS Calibur flow cytometer (BD Biosciences, San Jose, CA, U.S.A.) with
assistance from Mr. Ross Holland (National Oceanography Centre, Southampton). The ratios of
cell cohorts in different cell cycle phases were then analysed using the WinMDI Vers. 2.8
software (Windows Multiple Document Interface for Flow Cytometry, Joe Trotter, San Diego,

USA).

2.2.4.Cell density, cell volume, and growth rates assessment

A sample of 5 mL, taken from the 250 mL aliquot, was used to quantify cell density and cell
volume. Duplicates of 1 mL from the samples were diluted 1:10 with 3 % NaCl (w/v) and
analysed using a Multisizer™ 3 Coulter Counter ® (Beckman Coulter (UK) Ltd, High
Wycombe, United Kingdom) fitted with a 70 pm aperture. Averages of triplicate cell counts and
cell volume measurements were assessed using the Multisizer 3 software package (Version
3.51, Beckman Coulter Inc, Brea, USA). Growth rates (i) per h in each experimental stock

culture were calculated according to Equation 1.

p: Growth rate
Equation 1: p = (InC1- InCo)/At Co: Initial or previous cell counts [cells/mL]

C,: Most recent cell counts [cells/mL]

2.2.5.Particulate organic carbon (POC) and particulate organic nitrogen (PON)

To assess the contents of organic carbon and organic nitrogen per cell, duplicates of 50 mL,
taken from the 250 mL culture aliquot, were filtered on pre-combusted (450°C for 12 hours) 25
mm diameter GF/F filters (Whatman, Maidstone, United Kingdom). The filters containing the
samples were then stored at -20 °C until further processing. Samples and blanks were prepared
for analysis by removing inorganic carbonates by sulphuric acid (H,SO4) fumes under vacuum
for 36 hours (Verado et al., 1990). After drying for 24 hours at 50 °C, the filters were pelleted in
pre-combusted aluminium foil discs (Elemental Microanalysis Ltd, Oakhampton, United
Kingdom). The final quantifications of POC and PON were completed by Mr. Robert Head,
Plymouth using a Thermo Finnigan Flash EA1112 elemental analyser (Thermo Scientific™,
Loughborough, United Kingdom) calibrated and standardised with acetanilide. Total organic
carbon and organic nitrogen production were then calculated per cell in pmol for every two-

hour sampling interval.
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2.2.6.Particulate inorganic carbon (PIC) analysis

To analyse the cellular PIC, duplicate samples of 50 mL from the 250 mL culture aliquot
were collected on 0.2 um Nucleopore® filters (Whatman, Maidstone, United Kingdom). At the
end of the filtration each filter was rinsed with ~ 1 mL of alkaline ultrapure Milli-Q"™ water (pH
~9) and then stored at -20 °C until analysis. Eventually, the samples were defrosted and treated
overnight with 10 mL 0.1 M nitric acid (HNO3) (Romil, Cambridge, United Kingdom) to
dissolve the calcium carbonate containing coccoliths. Additionally, standards in the expected
concentration range were prepared in the same way. Prior to PIC analyses, samples and
standards were filtered through 0.22 wm Millex filters (Millipore, Billerica, MA, U.S.A) and
then analysed by Mr. Darryl Green (National Oceanography Centre, Southampton) on an
inductively coupled plasma-optical emission spectrometer (ICP-OES, Agilent Technologies,

Wokingham, United Kingdom).

2.2.7 Nutrient measurements and dissolved inorganic carbon (DIC) analyses

A sufficient supply of nutrients is vital for phytoplankton cultures. Reduced macronutrient
concentrations of N and P will alter cell physiology and in the case of E. huxleyi affect
calcification rates (Paasche, 2000; Mueller et al., 2008). Low nutrient consumption may indicate
an impaired physiological state. Nutrient concentrations of the stock cultures were measured
every two hours. By filtering 30mL of stock culture through 0.22 um polycarbonate filters cells
were separated from the media. The filtrate was then transferred into a Falcon®-tube and stored
at -20 °C until further analysis. Nutrients were measured on a Skalar San+ auto analyser (Skalar
(UK) Ltd., Wheldrake, United Kingdom), calibrated for the expected range of nutrient
concentrations. The detection limit of NO3/NO2 and PO4 was 0.03 pmol L™ and 0.01 pmol L™,
respectively. The nutrient analysis was carried out by Mr. Mark Stinchcombe (NOCS, National
Oceanography Centre, Southampton). Each sample was analysed in duplicates and average
values were computed for each sampling point in replicate cultures. The nutrient consumption

rates were calculated per cell per hour.
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2.2.8.Dissolved inorganic carbon (DIC) and total alkalinity (At)

To monitor any modifications of the carbonate system within the E. huxleyi cultures,
seawater carbonate chemistry parameters, such as dissolved inorganic carbon, total alkalinity,
and pH were assessed at three time points in the course of the experiment (at 10:00 am, 8:00
pm, and 8:00 am on the 20™ April 2011). For this, approximately 250 mL of stock culture was
siphoned from the stock cultures into a borosilicate bottle (Duran, Fisher Scientific,
Leicestershire, UK). To prevent further changes of the carbonate chemistry 50 puL of 3.5% (w/v)
mercuric chloride (HgCl,) were added and the DIC samples stored in the dark until further
analysis. DIC and TA were then measured at the carbonate facility at the National
Oceanography Centre, Southampton by Dr. Cynthia Dumousseaud using an Apollo SciTech
DIC infrared analyser (AS-C3) (Apollo SciTech, Inc., Bogart, GA 30622 USA) and an Apollo
SciTech AS-ALK?2 Alkalinity Titrator (Apollo SciTech, Inc., Bogart, GA 30622 USA).
Certified reference materials (CRM) provided by A. G. Dickson (Scripps Institution of
Oceanography, University of California San Diego, U.S.A) were used as standards to calibrate
the system prior each measurement. To correct the measurements for various parameters
including titration acid density, nutrient concentration of the sample, temperature, salinity and
CRM a MATLAB script (originally designed by Dr. Dorothee Bakker at University of East
Anglia, U.K. and modified by Dr. Cynthia Dumousseaud at National Oceanography Centre,

Southampton) was used.

2.2.9.Chlorophyll 2 measurements

Measurements of extracted chlorophyll a in algae are an established physiological parameter
that can indicate N or P limitation of the cell (Geider et al., 1993; La Roche et al., 1993; Geider
et al., 1998). Chlorophyll a (Chl a) concentrations were measured at 10:00 am, 4:00 pm, 8:00
pm, 0:00 am, 4:00 am + 1 day, 8:00 am + 1 day, and 10:00 am + 1 day. From the well-mixed
250 mL stock culture aliquot, a volume of 10 mL was gently vacuum filtered through a GF/F
filter (25 mm diameter). The filters were transferred into glass tubes and 6 ml of 90% acetone
was added. Chlorophyll pigments were extracted passively in acetone over night (12 hours) at
4° C in the dark. Quantification of chlorophyll @ was completed on a 10AU Turner fluorometer
(Turner Designs, Sunnyvale, USA) using borosilicate test tubes (Turner Designs, Sunnyvale,
USA). The system was equipped with a blue mercury vapour lamp and excitation (436 nm) and
emission (680 nm) filters according to the method after Welschmeyer (1994). Chlorophyll a
concentrations in the acetone extract were calculated per mL sample after Equation 2 and are

presented as Chl a per E. huxleyi cell for each sampling time.
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C= conc. of Chl a from Turner fluorometer

. _ v
Equation 2: Chl a conc. (ugml™) = Cx ) v= volume of acetone extract

V= volume of culture sample

2.2.10. Assessment of photosynthetic health

The photosynthetic efficiency or quantum yield of photosynthesis (Fv/Fm) can provide a
measure of the physiological state of phytoplankton cells particularly when under nutrient stress
(Kobler et al., 1983; Geider et al., 1993; Beardall et al., 2001; Moore et al., 2006). The
photosynthetic quantum yield quantifies the efficiency by which the absorbed irradiance is
utilised by the Photosystem II complex (PSII) (Krause et al., 1991); the maximum PSII
photochemical efficiency typically decreases under nutrient starvation or extreme irradiance
(Kolber et al. 1988, 1994; Geider et al. 1993b). For Fv/Fm measurements a culture aliquot of ~
5 mL was stored in the dark for at least 25 min to relax the reaction centres of the PSII. Then
Fv/Fm values were assessed by measuring F, and Fm, the minimum and the maximum in vivo
chlorophyll a fluorescence yield after dark-adaptation, using a Fast Repetition Rate Fluorometer
(FRRF, Chelsea II, Chelsea Technologies Group Ltd., West Molsey, United Kingdom). The
instrument fired 100 flashes of 440 nm at 1.1 ps intervals to saturate the PSII. Values for F; and
Fm were directly read by the FastInP-software (Vers. 1.0.0, Chelsea Technologies Group Ltd.,
West Molsey, United Kingdom) on the FRRF-workstation. The Fv/Fm value was then

calculated based on the following equations:

) Fv = Variable fluorescence
Equation 3: Fv=Fm-Fo )
Fm = Maximum fluorescence
Fo = Initial fluorescence
Equation 4: Fv/Fm = (Fm—Fo) Fv/fm = Photosynthetic efficiency of
Fm
photosystem 11

Values of Fv/Fm were plotted over time and compared to values reported in the literature, to
estimate the photosynthetic health of E. huxleyi cells in this experiment. Photosynthetic
quantum yield was assessed at 10:00 am, 12:00 am, 4:00 pm, 8:00 pm, 0:00 am, 4:00 am + 1
day, 8:00 am + 1 day, and 10:00 am + 1 day.
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2.2.11. Radioisotope measurements of photosynthesis and calcification

To measure the rates of photosynthesis and calcification in E. huxleyi, the '*C-incoporation
into the organic and inorganic carbon fractions of the cells was measured using the general
methodology described in Paasche and Brubak (1994) and Balch et al. (2000). Three aliquot
cultures of 50 mL were immediately spiked with 5.25 uCi (194.25 kBq) *C-labelled sodium
bicarbonate (Sigma, NOC/RAM/730A). One aliquot was poisoned with two mL of borate-
buffered formaldehyde solution to create a blank that corrected for non-biological isotope
exchange (Paasche, 1963). All "*C-spiked aliquots were exposed to the same LD cycle as the
stock cultures for 2 hours to allow '*C incorporation into organic and inorganic fractions. As a
result incubations starting at 8:00 pm and 8:00 am were exposed to one hour of light and one
hour of darkness. The incomplete incubations of one hour in the light and one hour in the dark
were excluded from the data presentation. Following the incubation for two hours, duplicate 25
mL fractions were filtered onto 25 mm diameter 0.4 um polycarbonate filters (Whatman,
Maidstone United Kingdom) for total particulate carbon (TPC) and incorporated particulate
inorganic carbon. The particulate organic carbon fraction was calculated as the difference of
TPC and PIC (Balch et al., 2000). For the assessment of radioisotope incorporation the TPC
filter was transferred to a scintillation vial and 15 mL of scintillation cocktail (Ultima GoldTM
Cocktail, Perkin Elmer, Cambridge, United Kingdom) were added. The PIC filter was
transferred to a separate 20 mL glass scintillation vial, which was sealed by a septum. The
septum had a plastic beaker attached to it, in which a GF/F (Whatman, Maidstone, United
Kingdom) filter drenched with 200 uL phenethylamine was placed. Phenethylamine has the
capacity to trap CO, by forming a carbonate salt. After injecting one millilitre of 1%
phosphoric acid through the septum onto the PIC filter the inorganic carbon was freed as '*C-
labelled CO,. The phenethylamine-drenched filter captured the developing CO, for radioisotope
determination (Woeller, 1961). The septum closed scintillation vial containing phosphoric acid
was left over night for a full dissolution of the particulate inorganic carbon fraction. Both, the
PIC-filter and phenethylamine drenched filter were then transferred into separate fresh 20 mL
glass vials and 15 mL of scintillation cocktail added to each. Eventually, the samples and
scintillation cocktail were incubated for 24 hours at room temperature. The activity originating
from the '*C-labelled sodium bicarbonate incorporation was assessed on a TriCarb 2100TR

(Perkin Elmer, Cambridge, United Kingdom) liquid scintillation spectrometry counter.



38

CHAPTER 2 - THE CIRCADIAN CELL PHASES, RATES OF PHOTOSYNTHESIS AND
CALCIFICATION RATES OF EMILIANIA HUXLEYI




CHAPTER 2 - THE CIRCADIAN CELL PHASES, RATES OF PHOTOSYNTHESIS AND
CALCIFICATION RATES OF EMILIANIA HUXLEYT

39

2.3. Results

The following sections will summarize the data collected from an E. huxleyi culture over a

period of 24 hours using isotopic and non-isotopic methods with particular focus on

calcification rates, rates of photosynthesis, and the diurnal DNA contents.

2.3.1.Dynamics of DNA content, cell density, growth rates, and cell volume of

E. huxleyi stock cultures over a 24 hour period

To determine the cell cycle phase in E. huxleyi stock cultures the relative DNA content

calculated by the WinMDI software was assessed every two hours over a period of 24 hours.

The histograms in Figure 2-3 showed an increase of relative DNA content compared to the total

DNA content in the first 16 hours (until 2 am in the Dark period) of the measurements. After 2

am the peak of lower relative DNA content increased while less cells with higher DNA content

were observed. The histograms show no clear separation of cell cycle phases.
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Figure 2-3: Relative DNA content in Emiliania huxleyi over 24-hour, showing relative DNA
fluorescence histograms of E. huxleyi PLY# M217 at sampling times over the duration of the cell

cycle experiment.

The percentages of cells in cell cycle phase were derived from the data presented in the

histograms (Figure 2-3) and are presented in Figure 2-4D. A doubling of the relative DNA

content of the G1-phase concluded the separation of S-Phase from the G1-phase. The G2+M

phase could not be clearly separated from the S-phase, because of intermediate character and

short duration of the G2+M cell phase. The 1-n cells in the early G1-phase were more apparent
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allowing for a better separation of the G2+M phase from the early G1-phase. Therefore, a
combined S+G2+M cell phase was presented in Figure 2-4D. During the light period, the
greatest proportion of cells (> 85 %) was in the G1-phase. Relative DNA content increased from
10:00 pm to 2:00 am 20™ April 2011 when the greatest proportion of cells was observed in the
S+G2+M-phase. By 6:00 am the relative DNA content in the majority of had dropped to G1-
phase values. Over the course of the 24-hour experiment cell densities increased more than 2
fold (in detail 2.8, 2.3, and 2.1 fold in the stock cultures PLY217-1, PLY217-2, and PLY217-3,
respectively; see Figure 2-4A). The most dramatic increase in cell densities occurred between
0:00 am and 4:00 am in the Dark period. The cell population continued to grow at
approximately half as fast between 4:00 am and 6:00 am. This was also reflected by the highest
calculated growth rates per hour at 2:00 am in the stock cultures PLY217-1, PLY217-2, and
PLY217-3 with 0.15, 0.15, and 0.14 p h™", respectively (see Figure 2-4B). The cell volume was
greatest between 4:00 pm 19" April 2011 and 2:00 pm 20™ April 2011 into the dark period (see
Figure 2-4C). The average cell volume in this time frame was 94 um’. The average cell volume

had decreased to around 50 um® per cell at the end of the 24 hours of measurements.
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Figure 2-4: Dynamics of cell density, growth rates, cell volume, and cell cycle phase of E. huxleyi
over a 24-hour period.. A) Cell density; B) Growth rates [u h'l], C) Cell volume [um-cell'l], D)
Percentages of cells in each cell cycle phase; G1 (solid line) and S+G2+M (dotted line). For A), B),
and C) the measurement in the replicate cultures PLY217-1, PLY217-2, and PLY217-3 are
presented (see legend Figure A). Grey areas represent the dark incubation phase of the 12:12 hours
LD cycle. Error bars represent one standard deviation of three measurements from three independent
experiments.
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2.3.2.Production of organic carbon, organic nitrogen, the ratio of organic carbon

and nitrogen and cell volume

The production of organic carbon and organic nitrogen occurred during the light incubation
period of the LD-cycle and correlated with the extension of the cell volume. The highest values
for particulate organic carbon were observed at 8:00 pm with 1.33 + 0.05 umol cell” and lowest
organic carbon contents per cell were found at 8:00 am + 1day with 0.62 £ 0.07 umol cell”,
showing less than half of the maximum value (see Figure 2-5). Organic nitrogen per cell was at
maximum at 12:00 am with 0.145 £ 0.01 umol cell’ and at minimum at 8:00 am 20™ April 2011
with 0.078 £ 0.01 umol cell. The ratio of organic carbon to organic nitrogen showed a peak at

8:00 pm with 14.2 and was smallest at 8:00 am 20" April 2011 day with 7.9 (Figure 2-5).
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Figure 2-5: POC, PON, POC:PON dynamics of E. huxleyi over a 24-hour period. Averages of A)
Particulate organic carbon, B) Particulate organic nitrogen, C) Ratios of particulate organic carbon to
organic nitrogen, and D) Cell volume measurements of three stock cultures over a period of 24 hours
are presented. Grey areas represent the dark incubation phase of the 12:12 hours light-dark
incubation cycle. Error bars represent one standard deviation of three measurements from three
independent experiments.
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2.3.3.Production of Particulate inorganic carbon
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Figure 2-6: PIC dynamics of E. huxleyi over a 24-hour period, showing A) Averages of particulate
inorganic carbon (CaCOs) per cell and B) Measurement of total particulate inorganic carbon per mL
of E. huxleyi culture in the replicate stock culture PLY217-1, PLY217-2, and PLY217-3.Grey areas
represent the dark incubation phase of the 12:12 hours Light-Dark incubation cycle. Error bars
represent one standard deviation of three measurements from three independent experiments.

The accumulation of PIC is equivalent to the production of calcium carbonate scales by
coccolithophores. The amount of PIC per cell increased steadily during the illuminated period
of the LD-cycle. The maximum of about 0.39 £ 0.008 pmol cell’ was reached at 12:00 am
(Figure 2-6A). After the initiation of cell division at around 2 am the PIC content per cell
decreased. Between 10:00 am and 8:00 am the PIC production rate was calculated at an average
of 0.0152 pmol cell' h™'. Assuming that the average calcium content of a single coccolith was
6.69 fmol lith™ (Fagerbakke et al., 1994) between 10:00 am and 8:00 pm coccoliths were
produced at a rate of 2.24 liths h™'. In the dark phase PIC per cell decreased at rate a of 0.0154
pmol cell’ h™'. The total PIC per ml increased from 18.7 + 1.2 nmol mL™ to 51.1 £ 7.4 nmol
mL™ in the course of 24 hours (see Figure 2-6B). An increase of total PIC ml™' was also

observed at lower rates throughout the dark period.
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2.3.4.Nutrient concentrations, dissolved inorganic carbon and total alkalinity
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Figure 2-7: Macronutrients in E. huxleyi cultures over a 24-hour period. Macro nutrient
concentrations and seawater carbonate chemistry parameters in the replicate stock cultures PLY?217-
1, PLY217-2, and PLY217-3 are presented: A) Phosphate and B) Nitrate and nitrite over a period of
24 hours. The seawater carbonate chemistry parameters dissolved inorganic carbon C) and total
alkalinity D) at 10:00, 20:00 and 10:00 the following morning are presented. Grey areas represent
the dark incubation phase of the 12:12 hours Light-Dark incubation cycle.

E. huxleyi cells did not exhaust the macro nutrients PO, and NOs in any of the replicate stock
cultures and did not alter total alkalinity and dissolved inorganic carbon in seawater. The
average nutrient consumption per cell per h in both the light and dark incubation phase is given
in Figure 2-7. The consumption of nitrogen was significantly higher in the light with 14.0+ 5.20
10 mmol cell h' compared to 3.41 + 1.91 10 mmol cell" h™" in the dark (p < 0.001; two
tailed t-test). In the dark, nitrogen uptake rates were decreased by 76% in the dark and
phosphorous uptake rates decreased by 39% (Figure 2-7A and B). The calculated average
consumption rate of phosphate was 4.42 +2.94 10" mmol cell h™'in the light and 27.0 £ 2.72
10" mmol cell” h™" in the dark. The corresponding ratios of nitrogen and phosphorous uptake
Light:Dark ratios were N:P jigy 33.6 £ 9.48 and N:P o0 =9.60 + 1.17 (mean + s.d., n=3).

The concentrations of dissolved inorganic carbon concentrations per kilogram seawater (SW)
showed an average of 26 umol kg SW during the day, while at night DIC decreased only by 6
umol kg™ SW. Total alkalinity decreased by 150 umol kg SW during the day and increased by
15 umol kg™ SW during night time (see Figure 2-7C and D).
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2.3.5.Chlorophyll contents and photosynthetic health over a 24-hour period
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Figure 2-8: Chl a dynamics of E. huxleyi over a 24-hour period. Average of chlorophyll a content in
E. huxleyi cells in fg cell”! over the period of 24 hours. Grey-shaded area illustrates the dark
incubation period.

To assess the photo-physiological health of the E. huxleyi cells in the stock cultures over the
duration of the cell cycle experiment the chlorophyll a content per cell and the photosynthetic
efficiency were assessed. Chlorophyll a showed steady increase from 10:00 am to 4:00 am the
next morning. After 4:00 am the chlorophyll content per cell decreased (Figure 2-8). The
chlorophyll a contents per cell were smallest at the begin of the light period at 10:00 am with 51
+ 6 fg Chl a cell”! (Figure 2-8). The concentration then ranged between 65 + 15 and 82 + 9
(maximum at 4:00 am + 1 day) fg Chl a cell”'. By 10:00 am + 1 day Chl a contents had reached

the values from the previous day, measuring 51 + 9 fg Chl a cell™.
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Figure 2-9: Photosynthetic efficiency dynamics of E. huxleyi over a 24-hour period. Photosynthetic
efficiency (Fv/Fm) of E. huxleyi cells in the replicate stock cultures PLY217-1, PLY217-2, and
PLY217-3 over a period of 24 hours. Grey-shaded area indicates the dark incubation phase.

The quantum yield of photosynthesis in the PSII was similar in all stock cultures (PLY217-1,
PLY217-2, and PLY217-3; Figure 2-9). The Fv/Fm values in the light incubation period ranged
between 0.436 £ 0.022 and 0.471 £ 0.01. Within the dark incubation period Fv/Fm values
increased reaching the maximum of 0.52 + 0.007 at 8:00 am the next morning. With the onset of
the new light incubation period at 10:00 am 20" April 2011 the quantum yield in PSII dropped
to 0.444 £+ 0.026.

2.3.6.Rates of photosynthesis and calcification from #C-labelled NaHCO;

incubation over a 24-hour period

To determine the rates of photosynthesis and calcification E. huxleyi were exposed to '*C-
labelled bicarbonate source. The incorporation of '*C into particulate organic and particulate
inorganic carbon was assessed and the rate of photosynthesis and calcification rates derived.
Calcification and photosynthesis were both enhanced in the light incubation period. While
photosynthesis came to a complete stop in the dark incubation period, calcification continued at
strongly reduced rates. The '*C labelled bicarbonate incubations suggest that calcification rates
(in pmol CaCO; cell h™") in E. huxleyi were at their maximum of 0.042 + 0.002 pmol CaCO;
cell” hat 6:00 pm. Dark calcification was detected throughout the dark incubation period, but
at rates of only 0.005 to 0.008 pmol CaCOs cell” h™' (Figure 2-10A). The calculated maximum
coccolith production rate was 1.56 liths h™" at 6 pm (Figure 2-10B). The highest rates of
photosynthetic carbon assimilation were observed at 4:00 pm with 0.048 + 0.005 pmol CaCOs;
cell h™', while photosynthesis came to a complete halt in the dark incubation period (Figure

4-10C). In the light incubation phase the ratio of calcification: photosynthesis (CF:PS) increased
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gradually from 0.5 at 10 am to 1.1 at 6:00 pm (Figure 2-10D). The CF:PS - value of 1.4 at 8:00
pm is omitted from the evaluation because of the 1 h incubation light (see Section 2.2.2). In the
dark incubation period (CF:PS) increased to values of up to 22.7 due to low rates of

photosynthesis. Between 10:00 am and 8:00 pm the average CF: PS ratio was 0.9 + 0.23.
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Figure 2-10: Rates of photosynthesis and calcification of E. huxl/eyi over a 24-hour period.
Photosynthesis and calcification measurements based on the incorporation of '*C-labelled
bicarbonate. Incubations that started at 8:00 pm and 8:00 am were excluded from the presentation,
because of only receiving one hour of light exposure. Rates for photosynthesis were set to zero in the
dark and calcification: photosynthesis ratios not calculated for the dark incubation period. A)
Calcification rates per cell; B) coccoliths production per cell and h; C) photosynthesis rates per cell;
and D) calcification: photosynthesis. Error bars indicate one standard deviation of three independent
replicates. The dark incubation phase is shaded grey.
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2.4. Discussion

Within the focus of this study, the DNA content and physiological parameters of E. huxleyi
PLY # M217 were followed over a period of 24 hours to describe cell cycle phases and periods
of maximum and minimum calcification rates. The relative DNA content and the assessed
physiological parameters namely maximum rates of calcification and photosynthesis,
chlorophyll a content, particulate organic carbon and particulate organic nitrogen per cell, and
cell volume, followed a 24-hour periodicity as previously described (e.g. Bleijswijk et al., 1994;
Bleijswijk and Veldius, 1995; Paasche, 2002; Miiller et al., 2008 ). Photosynthesis was linked to
the diurnal rhythm of light and dark. The maximum rates of calcification occurred during the
G1-phase of the cell cycle at the end of the light incubation phase between 6:00 and 8:00 pm
when photosynthetic activity was also high. In the combined S+G2+M phase (dark incubation)
calcification was observed only at rates of 12% to 19% of those measured during the late G1-
phase. The following paragraphs discuss the assessed physiological parameters of E. huxleyi
PLY # M217 in more detail. Furthermore, the adequate cell harvesting times for investigating
the transcriptome and proteome at rates of high and low calcification is concluded from the
relative DNA content per cell, the calcification rates over 24-hours, and knowledge of cell cycle

physiological characteristics.

Environmental factors such as elevated temperature, prolonged illumination and nutrient
replete conditions are known to encourage cell division in natural coccolithophore populations
and cultures (Paasche and Brubak, 1996; Paasche, 1967; Fritz and Balch, 1996; Price et al.,
1998; Miiller et al., 2008; Poulton et al., 2010). The observed growth rate of 0.9, which is an
equivalent to 1.3 divisions per cell per day, suggests that some cell cohorts could have divided
multiple times within the 24 hours of sampling. Growth rates above 0.69 (equivalent to one
division per day) were also reported by Mullin et al. (1966), Paasche (1967), Balch et al. (1996),
Eker-Develi et al. (2006). Cell size, temperature, light and the proposed internal clock have
been reported as commonly active triggers for cell division in algae (Donnan et al., 1985; Lam
et al., 2001). Observations in mamallian cell lines showed that larger cells pass into the S-phase
more quickly than smaller cells (Ronning and Lindmo, 1983), with larger cells showing higher
rates of DNA synthesis (Ronning and Seglen, 1982). The average cell volume presented in
Figure 2-4C indicates that cell volume decreased over time but remained higher at the end of the
24 hours period compared to the start of the 24-hour monitoring period. Histograms of cell size
in the cultures at the end of the 24-hour monitoring period also showed cohorts of the cell with

larger cells after cell devisions had occurred (data not presented) compared to the beginning of
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the monitoring period. These observations could support the assumption that a proportion of the
cell population were dividing multiple times. Further support of asynchronous and multiple
fissions per day is given by the DNA content of the cells. The histograms of relative DNA
content and cells in cell cycle phases (Figure 2-3 and Figure 2-4D) show that cells with 2n DNA
were still present in the morning of April 20" 2011 and that a proportion of the cell population
remained or returned into the S+G2+M -phase. This suggests that growth rates of 0.9 were
achieved by cohorts of cells passing the S+G2+M -phase multiple times (Chisholm et al. 1984).
Furthermore, asynchronous and multiple fission of cell cohorts in the culture justify the
conservative distinction between the G1 and S+G2+M phase because of cells with overlapping
cell cycle phases S, G2, and M in the cell population. Miiller et al. (2008) and Bleijswijk and
Veldhuis (1995) investigated the cell cylce features of E. huxleyi CCMP 371 and also found
higher proportions of the cell population in the S-phase rather than the G2/M-phase.

Algal culture growth, kinetics of macronutrient uptake, cellular concentrations of chlorophyll
a, photosynthetic quantum yield (Fv/Fm), cellular POC, and cellular PON have been suggested
as measures for algae physiology impairment through nutrient limitation or other stressors
(Kobler et al., 1983; Geider et al., 1993; Beardall et al., 2001; Moore et al., 2006). Even though
natural E. huxleyi populations thrive well under both high and low nutrient regimes (Zondervan,
2007) E. huxleyi lab cultures limited in phosphorous showed reduced growth rates (Paasche,
1998; Riegman et al., 2000; Paasche 2002), increased cellular organic carbon content (Paasche
and Brubak, 1994; Paasche, 1998; Riegman et al., 2000; Shiraiwa et al., 2003), and an increase
in number of liths per cell (Paasche, 1998). Nitrogen limitation in lab cultures has been shown
to result in a reduction of cell size and putatively cellular organic carbon content and a small
increase in calcite per cell (Riegman et al., 2000; Sciandra et al., 2003, Zondervan, 2007;
Mueller et al., 2008). Therefore, it is not suggested by the observed growth rates, organic carbon
content per cell, and inorganic carbon per cell that macronutrients were limiting for growth (see
Section 2.3). The measurements of PIC per cell (Figure 2-6A), and particulate organic carbon
(Figure 2 — 5A) were not significantly different between the start and end of the 24-hour
sampling period (p < 0.05, two-tailed t-test, n = 6; data not shown). However, cell volume was
significantly lower at the end of the 24-hour sampling period (p = 0.04, two-tailed t-test, n = 6;
data not shown). Nevertheless, the slight significant decrease of cell volume within 24 hours

does not suggest that the cells were experiencing nutrient limitation.

A sufficient supply of the macronutrients nitrogen and phosphorous is central to cell

functioning, physiology, and cell division. The nutrient concentrations in this cell cylce
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experiment were significantly reduced during the course of the 24-hour monitoring period. The
total uptake rates of nutrients in the light and dark incubation period were different with respect
to previously reported uptake rates (see Miiller et al. 2008). Nitrogen uptake rates in the light
were around 5 times lower and nitrogen uptake in the dark was around 10 times lower in this
experiment compared to Miiller et al. (2008). The phosphorous uptake rates in the light and dark
incubation period in this study were both 10 times lower compared to Miiller et al. (2008; Table
1). The observed differences in nutrient uptake rates might be explained by the different genetic
repertoire of the strains CCMP 371 and PLY # M217. Despite the observaion of different
uptake rates of phosphorous is was confirmed that phospohorous uptake in the light and dark
are not significantly different (Miiller et al., 2008). The uptake ratio of N:P in the light versus
the dark was significantly reduced by about 70% (p = 0.012, two-tailed t-test, n = 6; data not
shown) (compare Riegman et al., 2000; and Miiller et al., 2008). Ronning and Lindmo, 1998
showed that the demand for nitrogen is lower in the dark because protein synthesis is
suppressed in the dark, in particular when cells pass through the S and G2/M-phase. In this
study the consumption of nitrogen was also significantly reduced in the dark (p < 0.001, two-
tailed t-test, n = 15; data not shown). Therfore it can be inferred that the higher nitrogen uptake
rates in the light also reflected elevated protein synthesis and biomass accumulation (compare

Ronning and Lindmo, 1998; Miiller et al., 2008).

The chlorophyll a content per cell was found to be lower or within the range of previously
reported values (e.g. Muggli and Harrison, 1996, 1997; 49 to 130 fg Chl a cell”'; Eker-Develi et
al., 2006; 200 fg Chl a cell’; Houdan et al., 2005; 117 fg Chl a cell: Suggett et al., 2007; 97 —
132 fg Chl a cell; Loebl et al., 2010; 140 fg Chl a cell™"). The lower values found in this study
could reflect a strain specific feature. From the lower Chl a content alone an impairment of E.

huxleyi physiology can not be inferred (Kruskopf and Flynn, 2005).

Measurements of photosynthetic health (Fv/Fm) can rapidly detect nutrient stress in
phytoplankton cultures that are not adapted to nutrient limitation (Parkhill et al., 2001) by
inducing only little stress on the cells (Falkowski and Kolber, 1995). Phytoplankton cells
require nitrogen to synthesize proteins for PSII repair, because light frequently damages the
PSII reaction centers (Nishiyama et al., 2006; Ragni et al., 2008). The observed photosythetic
efficiency (Fv/Fm) — measurements do not suggest an impairment of the photosystem II in E.
huxleyi cells and therefore nutrient starvation. Under nutrient starvation Fv/Fm was found to
decrease (Sugett et al., 2009). However, Ho et al. (2003) and Suggett et al. (2007) reported
generally higher values for Fv/Fm ranging between 0.557 and 0.58 for the E. huxleyi strains
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B11, B92 and the field strain ASM 1, compared to the average range of Fv/Fm of 0.435 and
0.520 found in E. huxleyi strain PLY # M217. This difference is likely to represent a
‘taxonomic signature’ or difference in photophysiological performance between the strains
(Suggett et al., 2009). Interestingly, a peak value of photosythetic efficiency was observed at the
end of the dark incubation period (Figure 2-9) when most cells of the population were about 3
hours into the G1-phase. This peak in photosythetic efficiency can be explained by the ‘young
cells’ and ‘young photosystems’ showing increased values of Fv/Fm (Post et al., 1985).
Furthermore, a similar pattern of lower Fv/Fm values at the onset of the G2/M was shown in

diatoms (Claquin et al., 2004).

Nutrient limitation affects growth and carbon accumulation in E. huxleyi (reviewed by
Paasche, 2002). Any significant changes of the cellular organic carbon, cellular inorganic, and
organic nitrogen content were however not observed between the beginning and end of the 24-
hour experiment (p < 0.05 for POC, PIC and PON, two-tailed t-test, n = 6; data not shown), that
would indicate a limitation of P and N supply to the E. huxleyi cells. P limited cells in E. huxleyi
cultures are known to show an increase of organic carbon content per cell (e.g. Paasche and
Brubak, 1994; Riegman et al., 2000). Indicative of N limitation are a decrease in POC and in
cell volume (Riegman et al., 2000; Sciandra et al., 2003; Miiller et al., 2008) and a moderate
increase or even a decrease in PIC (Paasche, 1998; Fritz, 1999). However, it should be noted
that Miiller et al. (2008) found higher contents of POC and PON in the E. huxl/eyi strain CCMP
371 under nutrient replete conditions and observed similar concentrations of organic nitrogen

only in N-limited cultures.

One emphasis of this experiment was to measure the rates of photosynthesis and
calcification over a 24-hour period. The data presented here support previous conclusions that
rates of calcification and photosynthesis in E. huxleyi follow a light dark cycle (Miiller et al.
2008; Paasche 1962). Calcification rates were found to be dependent on the irradiance levels
(Paasche, 1964; Paasche, 1965; Linschooten et al., 1991; Nimer and Merrett, 1993; Bleijswijk
1994; Paasche, 1999; Zondervan et al., 2002) and our results supported the coupling of
calcification on photosynthesis, suggesting that energy deriving from photosynthesis accelerates
the precipitation of CaCO; (Anning et al., 1996). Dark calcification (Figure 2-10A) was
observed as was previously reported (Paasche, 1966; Balch et al., 1992; Nimer an Merrett,
1992; Paasche and Brubak, 1994; Sekino and Shiraiwa, 1994, 1996). Rates as low as 10 to 15 %
of the calcification rate in the light were reported for the dark (Paasche, 2002), which compare
to rates of between 12 and 19 % of the maximum calcification rate in the light incubation period

in this study. Mueller et al. (2008) however, reported an absence of dark calcification.
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The energy required to drive dark calcification was suggested to derive from mitochondrial
respiration (Sekino and Shiraiwa, 1996). In this study a lag-phase was observed before the
maximum rates of calcification, rates of coccolith production, and photosynthesis were reached.
The inorganic carbon assimilation increased over a period of 9 hours until 6:00 pm when
maximum rates were reached. This might indicate the tight energetic coupling of photosynthesis
and calcification (Anning et al, 1996) or that the degree at which biochemical energy from
photosynthetic carbon fixation supplied for calcification was lower in the early hours of the
light incubation phase because other cellular processes had higher energetic demands. It is
known that the assimilated carbon is incorporated at different rates in molecular components
such as proteins, polysaccharides, lipids, and low molecular weight molecules throughout the
cell cycle (Fernandez et al., 1996). Therefore, it can be assumed that theses quotas change over

time and under different physiological demands of other cell processes.

A comparison with data from the available literature showed that calcification and
photosynthetic rates were within the range of previous results (see Table 2-1). The results were
closest to the studies by Paasche and Brubak (1994) and Balch et al. (1996). Those two studies
were also found to reflect rates similar to those found in natural subsurface calcifying
populations at the Iceland Basin (Poulton et al., 2010). However, notable differences between
the results presented here and those obtained by Mueller et al. (2008) were found. Nevertheless,
the different kinetics of inorganic and organic carbon assimilation did not affect the

characteristics of the E. huxleyi cell cycle.

Table 2-1: Experimental conditions and observed growth rates in previous studies and this study.
Summary of experimental conditions and observed growth rates in previous studies using strains of
Emiliania huxleyi, which investigated growth, calcification, photosynthesis properties applying He-
labelling. CF: calcification, PS: photosynthesis. Values for CF and PS are given in fmol cell' b,
Abbreviations: av = average and pk = peak value (maximum).

E. huxleyi | Growth Medium/ CF | PS CF : PS [Reference
Strain rate [m] condition
ES88 na [F/2,50mEm?s'| 1.8 | 2.2 0.9  |Nimer and Merrett (1992)

5/90/25j 1.26 P=0.6 mM, N= |~23.4|~26-36|~0.82-0.9 |Paasche and Brubak (1994)
125 mM, 20°C |-32.4

E88 0.99 [K, 17+0.5°C, 18 | 42 0.43  [Balch et al. (1996)
cont.75 mE m”s”
" continuously
CCMP371| 0.72 [F\50.21°C 8 |~185| 0.44 |Mueller et al. (2008 Fig.2)
PLY # 0.9 [F\50.19°C av=29| av=40 | av=0.75 [This study
M217 94mEm™?s |pk=4|pk=48 | pk=0.88
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It can be concluded that in this study, E. huxleyi cells were not exposed to nutrient
limitations and that their growth was well mantained in the culture conditions. The results of the
"C-bicarbonate incubation, the determination of calcification rates and rates of photosynthesis
over 24 hours, as well as the analysis of relative DNA content per cell, of three replicate
cultures of E. huxleyi PLY # M217 revealed a 24-hour pattern similar to previously reported
light dark periodicity (Miiller et al. 2008; Paasche 1962). The bulk of calcification could be
correlated with the late G1-phase of the cell cycle. Due to the asynchronous cell cycle
progression and suggested multiple division of the cells in the dark it was uncertain to clearly
seaprate between the S and G2+M cell cycle phases. Therefore, only two cell cylce phases,
namely the G1 and S+G2+M phase, were separated. The observation that DNA replication and
nuclear and cellular division may overlap in non-G1 phases (Zachleder et al., 2016) supports the
functional separation in two cell cycle phases in this study in respect to subsequent molecular
studies. In the S+G2+M phase demands of nitrogen and showed lower deman for nitrogen in
the dark incubation period because protein synthesis is suppressed in the dark, when cells pass
through the S +G2+M-phase (Ronning and Lindmo, 1998). However, Ferandez et al. (1996)
suggested that the overall carbon incorporation into proteins is much higher in the dark than in
the light. Prevailing cell cycle processes of microalgae in the G1-phase suggest elevated
contents of RNA and proteins in the late G1-phase. In the early G1-phase, still in the dark
period, cell division was completed and RNA and proteins related to cell division processes,
which could provide noise in the transcriptome and preoteome analysis, were thought to be at
low levels (Zachleder and Setlik, 1988; Zachleder et al., 2016). The results of cell population
growth and DNA content suggested that the cells were in the G1-phase at both harvesting time.
Therefore, the time windows for harvesting cells at low and high calcification rates for
transcriptome and proteome analysis were chosen between 7:00 pm in the light incubation
period, when maximum calcification rates were observed and the bulk of the cells were in the
late G1 cell-cycle phase. Hereafter, the samples of the late G1-phase are referred to as (high
calcification — late G1-phase (hc-1G1 or just HC) samples. The harvesting time at low
calcification rates was chosen at 7:00 am, the end of the dark incubation period, when cells
showed low calcification rates, the bulk of the cells had completed cell division, and cells had
transited into the early G1-phase. The harvesting time at 7:00 am is here after referred to as low

calcification — early G1-phase (Ic-eG1 or just LC).
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Chapter 3.  The transcriptome of Emiliania huxleyi

at high and low calcification rates

“Perhaps all forms of life on this planet use essentially the same genetic language.”

(Nirenberg, 1968)

3.1. Introduction

In all organisms genetic information is stored in DNA that is replicated during cell division
or transcribed to form proteins after gene expression. Gene expression and protein synthesis
comprises two steps: (1) transcription of DNA to RNA and (2) translation of RNA to proteins.
During transcription, RNA transcripts complementary to one strand of DNA are synthesised.
Throughout translation, the information in the RNA sequence is converted into sequences of
amino acids and polypeptides. This flow of genetic information for the purpose of DNA
replication or the transcription into RNA sequences and the translation into proteins is also
referred to as the central dogma of molecular biology. With the exception of RNA viruses,
where the information that is stored in RNA sequences can be reverse transcribed into DNA, the
direction of the flow of genetic information is from DNA to RNA to proteins (Snustad and

Simmons, 2000).

There are many types of RNA, such as mRNA (messenger RNA), tRNA (transfer RNA),
rRNA (ribosomal RNA), snRNA (small nuclear RNA), and small interfering RNA (siRNA)
(Kanno et al., 2005; Onodera et al., 2005). The information to synthesize polypeptides is stored
in the mRNA sequence. In eukaryotes pre-mRNA is an immature mRNA precursor that is
edited by affiliating additional 7-methyl guanosine caps or poly (A) (a sequence of many
adenosine nucleotides) to the transcript or splicing noncoding intron sequences from the
transcript. In eukaryotes, most of the maturation of mRNA occurs in the nucleus, whereas
polypeptide synthesis occurs in the ribosomes (macromolecular protein biosynthesis units
comprised of both protein and rRNA) of the cytoplasma. Ribosomal RNA is essential for the
growth of the polypeptide sequences in the ribosome, because rRNA catalyses the chemical
bond between two amino acids. Furthermore, rRNAs were found to evolve and are used for the
identification of taxonomic groups by separating rRNAs according to their rate of sedimentation
during sucrose gradient centrifugation. Transfer RNAs adapt specifically to amino acids and the
codon in the mRNA. The tRNA decodes the triplets of RNA bases (codon) into the according
amino acid. The following sections focus on the expression of protein coding genes and discuss
mRNA or transcripts abundance at high and low calcification rates in the coccolithophore E.

huxleyi.
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CHAPTER 3 - THE TRANSCRIPTOME OF EMILIANIA HUXLEYT
AT HIGH AND LOW CALCIFICATION RATES

3.1.1.Molecular controls of gene expression at the transcript level

Gene expression describes the process in which a protein is produced from the template of
genomic gene sequence. A regulatory macromolecular machinery selectively controls gene
expression in response to environmental factors, developmental stage or cell type; thus making
the processes contributing to gene expression highly dynamic. The regulation of gene
expression involves the interaction of activators and repressors that operate at different and
multiple layers of the transcription process and protein synthesis machinery. Activating or
repressing transcription factors (Eberhardy and Farnham, 2002), the coiling of the chromosomes
through nucleosome modification (Lee and Young, 2000), initiation cofactors for the RNA II
polymerase (Pol II) (Jang et al., 2005), the elongation (Aso et al., 1995) or pausing of mRNA
synthesis (Muse et al., 2007), and mRNA processing (Keller and Noon, 1984) are some of the
levels at which the expression of protein coding genes is regulated within the cell. Multiple
genes may be controlled by activating or repressing gene-regulatory processes (Lee and Young,
2000; Wijnen and Young, 2006). These regulatory processes might comprise just one of many
interacting activators or even a combination of activators and repressors (Levine and Tijan,
2003). Transcript synthesis in eukaryotes starts by binding activators of gene expression to
upstream activating sequences. A specific DNA-binding domain within the transcription factor
protein binds to the promoter DNA sequence of the gene. Transcription factors direct the
specific binding of the RNA polymerases I, II, and III to the DNA sequence and initiates the
transcripts synthesis (Snustad and Simmons, 2000; Lee and Young, 2000). The transcription
factors may act as an activator by attracting and stimulating the coupling of RNA polymerase to
the transcription start site gene sequences or as a repressors by preventing the binding of RNA
polymerase or other required proteins to the gene sequence (Lee and Young, 2000; Snustad and
Simmons, 2000). In Emiliania huxleyi a total of 419 different transcription factors were

identified, which contribute around 1% of its proteome (Rayko et al., 2010).

The degree of coiling of the DNA double helix not only establishes the condensation of
chromosomes but also exposes DNA sequences that are accessible to transcription. Histones
coil the DNA to form nucleosomes, which are the basic building blocks of the chromatin
structure. In supercoiled DNA, as in chromosomes, the transcription machinery is unlikely to
recruit to a promoter and start the transcription process. Processes that can unfold the chromatin
structure for transcription are modifications of the histone complexes, such as methylation as

well as acetylation and deacetylation (Margueron et al., 2005).



CHAPTER 3 - THE TRANSCRIPTOME OF EMILIANIA HUXLEYT 55
AT HIGH AND LOW CALCIFICATION RATES

In eukaryotes an array of transcription factors, such as TFIIA, TFIIB, TFIID, TFIIE, TFIIF,
TFIIH, and TATA-box binding proteins, complement the RNA polymerase II holo-enzyme to

create the pre-initiation complex that defines the transcription start site (TSS) (Bengal et al.,
1991Chiang et al., 1993; Tan et al., 1994; Néér et al., 2001; Kettenberger et al., 2004; Thomas
and Chiang, 2006; Kwak and Lis, 2012). In regulated transcription additional general cofactors
are often required to mediate between the gene-specific activators and the general transcription
machinery (Dynlacht et al., 1991; Thomas et al., 2006). Both, stimulating and repressing co-
factors have been discovered that are important in binding the promoter to the specific

transcription factors regulate basal transcription (reviewed by Thomas et al., 2006).

Nuclear pre-mRNA is subject to post-transcriptional modifications. Once the modifications
are conducted the mRNA is ready for translation into the amino acid sequence. Post-

transcriptional modifications are the excision of non-coding introns from the transcript (Keller
and Noon, 1984), the addition of 7-methyl guanosine cap to the 5’ end of the transcript

(Shatkin, 1976), and polyadenylation to the 3’ end of the transcript. The capping of 7-methyl
guanosine caps occurs shortly after the initiation of transcription adding protection to the
growing RNA strand from degradation by nucleases. The addition of poly(A) tails occurs
through endonucleolytic cleavage in response of a downstream polyadenylation signal the
AAUAAA sequence (Snustad and Simmons, 2000). Non-coding introns are excised on complex
ribonucleoprotein structures called spliceosomes. In spliceosomes previously assembled snRNA
— protein complexes and protein splicing factors cut out non-coding sequences and ligate the
adjacent exons. In some cases the multiple introns are removed by splicing the pre-mRNA. If
two successive introns are excised, the exon between them will be cut out. Alternative splicing,
exon removal, and transcript isoforms create different polypeptides (Houk et al., 1991; Snustad

and Simmons, 2000).

Modulating the transcriptional outcome through RNA polymerase II (Pol II) pausing can
also control the process of transcript elongation. Hence, influencing the number of transcribed
sequences directly (Kwak and Lis, 2013). The control of transcript elongation occurs at early
elongation and productive elongation stages, adding a further level of gene expression control.
Early transcript elongation pausing in the promoter-proximal regions is required to add the 5’
caps (Rasmussen and Lis, 1993) and decrease the response time of the transcription machinery
to changes in physiological demands as during heat shock (Andrulis et al., 2000). Throughout

later periods of the transcription process Pol II passes through numerous obstacles, including
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intrinsic pause sites and nucleosomes, at which point elongation factors are required to promote
the continuation of transcript elongation (Young and Lee, 2000). For elongation pausing,
passing elongation pausing or enhancements of the elongation process an array of

nucleoproteins are utilized (Kwak and Lis, 2013).

3.1.2.Physiological feedback mechanism in gene expression

The patterns of gene expression in a cell are a direct response to the cell cycle stage, cell
development, and environmental conditions (Snustad and Simmons, 2000). The changes in
transcription may be induced, for example, in response to light or temperature (Ritossa 1962;
Ballantuono et al., 2012) or internal triggers, such as hormones in multicellular eukaryotes or
the intrinsic circadian clock (Johnson et al., 1993; Snustad and Simmons, 2000; Farré 2012). An
induction of gene expression may involve a receptor, usually a receptor-protein that experiences
an alteration in its three dimensional structure in response to changes in the physical or chemical
environment of the cell (Urizar et al., 2000; Snustad and Simmons, 2000; Yamamoto, 2005).
The receptor-protein may undergo redox reactions or phosphorylation in the case of DNA-
binding proteins. These two examples of chemical reactions often occur at key molecules when

gene expression is induced or paused.

Heat or cold, for example, are an important inducer of heat shock proteins, which occur in all
organisms and assist in protein refolding under stress conditions (Feder and Hofmann, 1999;
Wang et al., 2004). However, other environmental stressors may also induce the production of
heat shock proteins, such as drought, oxidative stress, salinity, UV-radiation, or nutrient
depletion (Vierling 1991; Rizhsky et al., 2002; Pockley, 2003; Wang et al., 2004). Heat shock
proteins were also found to play an important role in cell signalling and immune response
(Pockley, 2003). In Drosophila melanogaster the promoter of the heat shock protein genes
hsp70 is induced by the heat shock transcription factor (Hsf). Under ambient temperature Hsf is
present in the nuclei as a non-promoter binding form. Upon heat stress Hsf is phosphorylated
and binds to the DNA sequence upstream Asp70, at the heat shock response element section of

the promoter (Snustad and Simmons, 2000).

Light acts as an important environmental factor inducing physiological responses and gene
expression in many organisms (Wijnen and Young, 2006). In photosynthetic organisms light
levels influence for example the state of the light-harvesting complexes and photomor-
phogenesis — the light mediated development in plants (Rochaix, 2014; Wu, 2014). For
example, light was found to induce transcription in the nucleus of Arabidopsis thaliana via

triggering the phytochrome RED/FAR RED (R/FR)-light photoreceptor, the UVB
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photoreceptors and cytochrome directly (Chen, 2008; Fankhauser and Chen, 2010). The
photoreceptor triggering may spark further diverse processes of gene expression regulation,
such as photophysiological processes optimizing photosynthetic efficiency by readjusting the
absorption cross sections of PSII and PSI, whereas the mobile LHCII (Light harvesting
Complex of photosystem II) antenna is being redistributed. The redistribution of LHCII may
occur as a short-term response or through transcriptional and translational regulation of LHC
gene expression for prolonged modifications (Pfannschmidt et al., 2001; Rochaix, 2014).
Different light qualities and harmful UV light were found to trigger differential gene expression
of up to one third of genes in seedlings of Arabidopsis thaliana (Ma et al., 2001). Structural
modifications of the photosynthetic complexes and within the thylakoid membrane of the
LHCII (PSII) can induce protection mechanisms to avoid damage to the photosynthetic
apparatus by high intensities of light and harmful spectral characteristics of light (ultraviolet
light) (Rochaix, 2014). Light affects gene expression at the transcriptional, posttranscriptional,
and translational level in plants. Hundreds to thousands of genes are differently expressed
following changes in the light regime (Wu, 2014; Pfannschmidt et al., 2001; Wijnen and Young,
2006). In coccolithophores the rates of calcification are increasing in the Light period (e.g.
Paasche et al., 1969, Balch et al., 1993) by the higher availability of energy of carbon fixation
(Bach et al., 2013). Even though the suggestion that calcification acts as a carbon concentrating
mechanism was disproved (Bach et al., 2013) transcriptional responses in calcification related

genes were shown to depend on the light periodicity (Richier et al., 2009).

The periodicity of the diurnal light regime and the light/dark transition were found to act as
an additional “zeitgeber” for the in circadian gene expression fluctuations that activate
regulatory circuits preventing, for example, DNA damage from mutagenic ultra violet light
during cell division (Nikaido and Johnson, 2000; Chen and McKnight, 2007). Hence, the
diurnal light level fluctuations are closely linked with the endogenous timekeeping mechanism,
the circadian clock, which enables organisms to respond as they experience environmental
change and prepare for coming change (McClung, 2014). Therefore, gene expression in the
advanced dark phase may prepare photosynthetic cells for optimal physiological performance

during the light (Green et al., 2002; Dodd et al., 2005; Winjen et al., 2006).
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3.1.3.Gene expression related to biomineralisation in coccolithophores

The genetic control of coccolithophogenesis involves the expression of many proteins of yet
unknown functions to provide a network of interacting structural and regulatory molecules
(Young and Henriksen, 2003; Henriksen et al., 2004; de Vargas et al., 2007). Previous
coccolithophore research identified molecules and genes of interest that are involved in
biomineralisation by comparing calcifying and non-calcifying strains, calcifying diploid and
naked (non-calcifying) haploid cells, stimulating or altering the calcification performance of
coccolithophores through culturing conditions (e.g. Nguyen et al., 2005; Quinn et al., 2006;
VanDassow et al., 2009, Mackinder et al., 2011; Emery et al., 2012). An outline of the
molecules involved in calcium carbonate crystallization in coccolithophores is given in chapter
1 of this monograph. Here, the results from studies comparing calcifying and non-calcifying
stages of coccolithophores are summarized in the context of this chapter, which investigates the
expression of genes involved in the biomineralisation process in the Dark period (low

calcification rates) and Light period (high rates of calcification).

Richier et al. (2009) investigated the expression of specific genes related to
biomineralisation in haploid and diploid cells in the light and dark period. Key proteins, such as
calmodulin, the E. huxleyi type of carbonic anhydrase (y -EhCA2), and the calcium binding
protein (GPA) were significantly higher expressed in calcifying diploid cells in the light
(Richier et al., 2009). Comparative studies of gene expression related to biomineralisation in
phosphorous replete and phosphorous limited cultures showed that a significant number of
genes related to stress compensation and cell repair processes, such as HSP 70, HSP 80, HSP
81, HSP 82, and HSP 90, and the co-chaperonins Dna J and Dna K were also over-expressed
(Wahlund et al., 2004). Quinn et al. (2006) found 127 significantly up down regulated genes
when comparing phosphorous replete and phosphorous limited cultures. The majority of the
identified molecules were involved in cellular metabolism, ion channels, protein transport,
vesicular trafficking, and cell signaling. In phosphorous limited calcifying cells putative
gamma-carbonic anhydrase was significantly higher expressed (Quinn et al., 2006). Patterns of
gene expression in isogenic haploid non-calcifying flagellated cells and diploid calcifying cells
of different life cycle phases indicated diploid specific expression of genes potentially involved
in calcification. In diploid cells genes potentially related to biomineralisation included Ca2+, H+,
and HCO* -pump coding sequences. Specifically, transcripts of Ca**-transporting ATPase, K -
dependent Ca®"/Na" exchanger NCKX 1, and V-type H' - ATPases subunits a, d, M9.7, c/c’, A,
B F, and H were more abundant in diploid calcifying cells (von Dassow et al., 2009). In naked

and coccoliths-bearing cells of Pleurochrysis haptonemofera Fujiwara et al. (2007) found 54
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genes of 3-fold higher expression specific to the coccoliths-bearing phase of the life cycle, of
which 32 matched to registered sequences, among them sequences referring to carbonic
anhydrases, Myb1, and a mitochondrial Ca>* - dependent solute carrier (for a summary, see

Table 1-1).

Additional knowledge of yet unidentified genes involved in the biomineralisation process in
the diurnal phases of coccolithophorgenesis is required to better understand the processes of
biomineralisation in general and the timing of relevant gene expression events. Recent studies,
have suggested molecules putatively involved in the biomineralisation processes in E. huxleyi
and extended existing models of calcification suggesting a role of putative Ca*"-channels in the
control of Ca®" flux from the peripheral endoplasmic reticulum into the maturing CV, the
requirement of H' removal from the cytosol by voltage gated H' channels and an amorphous
calcium carbonate pre-cursor (Mackinder et al., 2010). This study aims to identify the patterns
of biomineralisation related gene expression and possibly identify new links of molecules and
biomineralisation applying next generation RNA sequencing techniques on calcifying and non-

calcifying E. huxleyi cells.

3.1.4.Strategies for gene-expression analysis

In transcriptome research the diversity, structure, and sequences of RNA molecules are
investigated with the aim to connect the genome to gene functioning. Two main approaches are
followed in transcriptome studies, the knowledge-driven and the data-driven approach. The
choice of the approach depends on the goals of the investigator. In the knowledge driven
approach the researcher knows the genes or physiological pathways and the proteins of interest
from a sequenced genome or the molecular process of interest. In a data-driven approach the
entire population of mRNA in a cell or tissue is sequenced. The data was analysed using known
sequences and gene homologies from other organisms. When supplemented with their functions
the discovered transcripts become truly meaningful and useful to increase our understanding of

the molecules involved in molecular physiology.

3.1.5.Aims and Objectives

Next generation sequencing techniques open the door to a wider exploration of the
transcriptomes of E. huxleyi showing elevated and no calcification, promising also the
illumination of new genes potentially involved in the calcification processes. Previously, the
molecular controls of calcification in E. huxleyi were studied using phosphorous limitation

(Wahlund et al., 2004a; Nguyen et al., 2005; Quinn et al., 2006), comparing isogenic non-
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calcifying haploid with calcifying diploid life cycle-phases (Fujiwara et al., 2007; Richier et al.,
2009; von Dassow et al., 2009;), and relating isogenic non-calcifying cultures to calcifying
cultures (Mackinder et al., 2011). We have previously established (Chapter 2) that the bulk of
calcification in this E. huxleyi PLY# M217 took place during the light phase in the late G1-
phase and is presumably energetically driven by photosynthetic carbon fixation. Furthermore,
giving the assumption that higher gene expression related to biomineralisation processes is
linked to the higher rates of calcification, gene expression important to coccolithogenesis could
be explored by assessing the transcriptome in a high calcification late G1-phase (HC). Low
levels of biomineralisation related gene expression could be assumed when no photosynthesis is
occurring but cell are in the G1-phase (Paasche 2000) (see Chapter 2). In order to compare high
calcification rates related gene expression to low calcification rates related gene expression the
target cell harvesting time was chosen in the at low calcification rates in the early G1-phase
(LC). Investigating E. huxleyi at calcifying and low calcifying phases of the G1-phase has the
further advantage of limiting the degree of cell division derived gene expression noise.
Furthermore, by using the next generation full transcriptome analysis approach other levels of
molecular processes potentially involved in biomineralisation may become apparent. Therefore,
cultures of E. huxleyi strain PLY# M217 were harvested at low and high rates of calcification in
the G1-phase of the cell cycle. The transcriptomes at low and high calcification rates were
sequenced on Hi Seq Illumina platforms and significant differences in transcript abundance

between the low and high calcification phases were evaluated.
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The aims of this investigation were:

* to sequence the transcriptomes of iso-genetic cultures from low and high calcification
phases in the G1—phase to reduce cell division related transcript recovery,

* to determine significant differences in transcript abundance and diversity between the
low and high calcification phase, and

* to investigate details of the molecular machinery that drives calcifcation.

3.1.6.Working hypothesis

The null hypothesises for these studies are:

* There are no differences in transcript abundance between the transcriptomes of E.
huxleyi PLY# M217 from the high and low rate calcification period within the G1-
phase;

* There are no differences in transcript diversity between the transcriptomes of E. huxleyi
PLY# M217 from the high and low rate calcification period within the G1-phase;

* The general expression of genes related to calcification is not enhanced in the high

calcification period when calcification rates were found to be at a maximum.
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3.2. Materials and Methods

To identify the molecular processes involved in the formation of coccoliths RNA and
proteins were extracted from Emiliania huxleyi PLY# M217 cultures when cells were calcifying
at high and low rates. The timeframes for culture harvesting were determined from the results of
Chapter 2. The physiological performance of the cultures was assessed to exclude any potential
limitation of nutrients or alternations of the cell population development that would affect gene
expression. The extracted transcripts of messenger RNA at high and low calcification rates were
sequenced using next generation sequencing techniques. Subsequently, a thorough evaluation of
the gene expression patterns in respect to the conditions high calcification (light) and low

calcification (dark) was conducted and candidate genes involved in calcification were identified.

3.2.1.Experimental Design

Exponentially growing stock cultures of Emiliania huxleyi, strain PLY#M217, previously
adjusted to light, temperature and nutrient regimes (F/50), were used to inoculate three 16-litres
stock cultures in 20L Nalgene® culture vessels. The 16L cultures were reared for 3 to 5
generations until cell densities exceeded 50000 to 100000 cells mL™, in order to supply

sufficient coccolithophore biomass for RNA and protein extractions.

3.2.2.Algae Culturing

Stock cultures of Emiliania huxleyi PLY# M217 were reared for 20 generation in 2L culture
flasks in 1L filter-sterilized F/50 culture medium based on oceanic natural seawater (Guillard,
1975). The seawater was collected from offshore Plymouth (UK) and filtered through 0.22 um
pore-size Millipore-filters (Millipore, Billerica, USA). All algae cultures were grown at 19 °C,
irradiance levels of 103 £ 6 pE sec”’ m™ (n=32) in a 12:12 Light:Dark (LD) cycle using
Sylvania white fluorescent F36 W/135-T8 bulbs (Havells Sylvania Europe, Raunheim,
Germany), and macronutrient concentrations of 36 uM nitrate and 1.45 uM phosphate at the
time of culture inoculation. The algae cultures were mixed daily and cell densities were

monitored using a Neubauer haemocytometer (Weber Scientific International, Teddington, UK).

Several 20 L Nalgene® culture vessels were prepared with16 litres of F/50 culture medium
based on sterilized oceanic seawater. Each culture medium was inoculated with 15000 cells ml™
and reared for 3 to 5 generations until the cell densities exceeded 50000 to 100000 cells mL ™.

Throughout the experiment some cultures were aborted because the growth of the cell
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population collapsed. Only E. huxleyi cultures that remained in the exponential growth phase
were used for transcriptome analysis. In total three replicate cultures for each calcification phase
(low and high) were harvested. Hereafter, the replicate cultures were referred to as HC-1 to HC-

3 and LC-1 to LC-3.

To estimate the physiological state of the E. huxleyi cells physiological and seawater
parameters, such as cell densities, cell volume, POC, PON, PIC, nutrient uptake, DIC, total
alkalinity, chlorophyll a, and photosynthetic health were assessed one day before culture
harvesting and at the day of culture harvesting. The methods used to assess the cell
physiological and seawater parameters were described in detail in Chapter 2 of this monograph.

Hereafter, only modifications from the methods described in Chapter 2 are elaborated.

3.2.3.Culture harvesting

Cells were harvested for biomass collection at 7:30 pm and 7:00 am for the light incubation
period and dark incubation period, respectively. The results of cell population growth and DNA
content (Chapter 2) suggested that the cells were in the G1-phase at both harvesting time.
Naturally RNA degrades rapidly (Jan, 2002; Baker et al., 2004; Deutscher, 2006). To limit RNA
alteration a flow through filtration set-up as shown in Figure 3-1 was used to collect the cells.
The cells were retrieved on 3 wm pore-size polycarbonate filters @147mm (Millipore Billerica,
MA, U.S.A) fitted in a pancake-filter holder (see Figure 3-1). A Watson-Marlow Bredel Pump
620S (Falmouth, Cornwall, UK) at 50 rpm gently pressed the total coccolithophore suspension
from the 20L Nalgene® culture vessels through the polycarbonate filter. To avoid sample
contamination especially with RNAses or proteases all parts of the filtration set-up, (e.g.
siphons, tubing, filter-holder, and filters) were washed for 24 hours in 10% hydrochloric acid
prior to commencing the cell harvesting. Once the total E. huxl/eyi — suspension was siphoned
through the filtration set-up the polycarbonate filter containing algae cells was transferred
quickly onto a sterile custom made ice cooled plastic half pipe (10 cm diameter). The cells were
washed off the filter with sterile filtered seawater (0.22 mm polycarbonate, Millepore®) and the
concentrated suspension collected in a 50 mL falcon tube. The cell suspension was immediately
centrifuged for 5 min at 4630 rpm and 4 °C (Rotanta 460R, Hettich Zentrifugen, Germany). The
seawater supernatant was discarded, the concentrated cell pellet snap-frozen in liquid nitrogen
and stored at -80 °C until RNA extractions were conducted. This harvesting procedure was

completed within 25-30 minutes.



CHAPTER 3 - THE TRANSCRIPTOME OF EMILIANIA HUXLEYT 65
AT HIGH AND LOW CALCIFICATION RATES
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Figure 3-1: Harvesting workflow of E. huxleyi cultures. | — Pumping of culture medium from culture
vessel (1) through siphon (2) via peristaltic pumping (3) onto 147 mm diameter polycarbonate filters
(5) fitted in pancake filter membrane holder (4). The filtrate is collected in another culture vessel for
sterilization (6). IT — Collection of coccolithophores from filters (5) in a half-pipe (7) with sterile
filtered seawater under cooling, centrifugation (8) for 5 min at 4630 rpm, snap-freezing of pellet and
storage at -80°C.

3.2.4.Assessment of physiological performance of E. huxleyi cells

To estimate the physiological performance of E. huxleyi cells during the experiment the
following parameters were assessed according to the methods described in Chapter 2 without
modifications:

* Cell density

* Growth rate

* Photosynthetic health

* Particulate organic carbon (at one day prior and the day of harvesting)

* Particulate organic nitrogen (at one day prior and the day of harvesting)
* Particulate inorganic carbon (at one day prior and the day of harvesting)
« pH

* DIC, total alkalinity, salinity (at the time of harvesting)

* Nutrient concentrations (at the time of harvesting)
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3.2.5.Statistics on non-molecular data

Differences in the physiological performance (see section 2.3) of Emiliania huxleyi cells in
cultures harvested during the light and in the dark were graphically presented using SigmaPlot
12.5 (Systat Software, Salisbury, UK). Statistical tests, such as two-sample t-test, Mann-
Whitney Rank Sum Test were applied on cell growth and fitness parameters to test for
differences between conditions (HC and LC). In the case of the larger data set sizes retrieved for
photosynthetic health and growth rate ANCOVA models in STATISTICA Version 10 (StatSoft
Inc., Tulsa, USA) were applied to test for significant changes over time and between the
conditions, using day as covariate. Shapiro-Wilk tests for normality and equal variance tests
were performed in SigmaPlot 12.5 to confirm the suitability of the parametric design. Results of

the normality tests and equal variance tests are not presented.

3.2.6.RNA extractions

Total RNA was extracted following a TRI Reagent” (Sigma-Aldrich, Dorset, UK) method.
The TRI” total RNA extraction protocol uses the principle of RNAse inactivation by
guanidinium isothiocyanate and an acidic phenol/chloroform separation of lipids and proteins
from the RNA containing aqueous phase. The greatest yields of RNA quantity and quality were
achieved using TRI Reagent” extraction followed by a Nucleospin® II (Machery-Nagel GmbH
& Co K@, Diiren, Germany) standard clean up protocol, which was supported by two
subsequent DNA digestion steps. At first, a fraction of the frozen cell pellet (see section 3.2.3)
was separated and transferred to a DNA/RNA free 2 mL Eppendorf tube. Then, 1.5 mL of
cooled TRI Reagent” were added and the pellet resuspended by pipetting. Cell lysis was
achieved by vortexing the TRI Reagent® cell suspension for 5 minutes with 20 acid — washed
glass beads (0.5 mm diameter) added to the 2 mL Eppendorf tube. The suspension of disrupted
cells was allowed 15 minutes at 37 °C for a complete inactivation of RNAses and dissociation
of nucleoprotein complexes. The cell debris was separated from the suspension by
centrifugation at 14000 g, 15 min, 4 °C (Mikro 22R centrifuge, Hettich Zentrifugen, Germany).
Subsequently, the RNA was extracted and separated from DNA and proteins by adding 300 puL
of chloroform (Sigma-Aldrich, Dorset, UK) and vigorous vortexing for 15 seconds. After
allowing 2 min at room temperature centrifugation for 15 min at 12000 g and 4 °C (Mikro 22R
centrifuge, Hettich Zentrifugen, Germany) completed the formation of the aqueous phase. The
aqueous phase was pipetted into a fresh micro-centrifuge tube (1.5 mL) and another chloroform

wash step conducted to remove remaining lipids and proteins. From the final collected aqueous
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phase the RNA was precipitated with - 20 °C isopropanol (Sigma-Aldrich, Dorset, UK),
incubated at - 20 °C for 20 min and the RNA pelleted by centrifugation for 15 min (12000g, 4
°C). After removal of the supernatant the RNA pellet was washed with 75% ethanol (Sigma-
Aldrich, Dorset, UK) once and dried on ice under sterile conditions (laminar flow system Foster
BHG 2006; Foster-air, Cornaredo, Italy). Subsequently, a first DNA digestion step using
Ambion®-Turbo DNAse-free (Life Technologies Co.) was performed following the
manufacturer’s instruction. Preliminary trials, revealed that residual DNA on acrylamide gels
was still present after the Ambion”-Turbo DNAse digestion step. Therefore, the resulting
sample was submitted to a second on column DNA-digestion step using standard Nucleospin® II
DNAse followed by a Nucleospin® IT column clean up for RNA samples from reaction
mixtures. The purified RNA sample was diluted in 100 uL DNAse/RNAse - free water
(HyClone™, Thermo Scientific, Loughborough, UK) and stored on ice for shorter periods or at

- 80 °C until further processing.

3.2.7.RNA Quality and Quantity

The spectrometric absorbance ratio at wavelength 280 and 260 nm A,40/Ajs0 Was analysed as
a measure for RNA purity and quantity (Glasel 1995) using a ND-1000 spectrophotometer
(NanoDrop®, Thermo Scientific, Wilmington, USA). The absorbance at 260 nm (A260) is a
measure of nucleic acid concentration, whereas the absorbance at 280 nm shows amounts of
contaminants, such as proteins or phenols, which may inhibit enzymatic reactions in
downstream protocols. An Aje/Asgoratio of 1.8 to 2.0 is preferable for RNA sequencing or
complementary DNA library construction. RNA integrity describes the contribution of RNA
subsets of different lengths to a population of RNA and it is of greatest importance when
applications involve RNA quantitation for gene expression studies because it reflects the
degradation status of the isolated RNA (Denisov et al., 2008). Naturally, cells contain only
small amounts of messenger RNA but greater amounts of ribosomal RNA 18S and 28S
fractions (5 kb and 2 kb in size, respectively). Therefore, a 28S/18S rRNA ratio close to 2
should be indicative for intact mRNA (Sambrook et al., 1987). The RNA integrity in the
described experiments was measured on an automated capillary micro fluid electrophoresis
system - Experion™™ (Experion' " Bio-Rad Laboratories, Inc., Hemel Hempstead, UK) (Imbeaud
et al., 2005) using StdSens chips and reagents. The Experion"" - system delivers results in form
of a virtual gel (electropherogram) and the RNA Quality Indicator (RQI-value). Three regions
of the electropherogram are taken into account when calculating the RQI value: the 28S region,

the 18S region, and the pre - 18S regions. The Experion'" Bio-Rad system compares the sample
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to a standard and returns RQI values between 10 (intact RNA) and 1 (highly degraded RNA) for
each eukaryotic RNA sample (for details see Denisov et al., 2008). An electropherogram also
gives details about the presence of rRNA and tRNA segments — in the range of 5S and 5.8S - in
the sample. For the subsequent steps of RNASeq Illumina sequencing a RQI threshold of 7.5
was used as a minimum requirement. The Experion’" Bio-Rad StdSens protocol and
recommendations were followed in detail to assess the integrity of the RNA samples. In the case
of poor RQI values the extraction from the frozen cell pellet (section 3.2.6) was repeated until
RNA quality specifications were affirmed. For sequencing 12 ng RNA diluted in TE-buffer (10
mM Tris-HCI pH 8.0, 1 mM EDTA) were aliquoted stored at - 80 °C.

3.2.8.Independent approach of promoter expression analysis

Following RNA extraction and RNA quality validation (section 3.2.7) another aliquot of 15
ng total RNA per sample was sent to DNAFORM Inc. (Leading Venture Plaza-275-1, Ono-cho,
Tsurumi-ku, Yokohama, Kanagawa 230-0046, Japan) for cap analysis of gene expression
(CAGE) (Shiraki et al., 2003; Kodzius et al., 2006). The CAGE identifies the exact transcription
start site by sequencing short 5’-sequences of the mRNA population. In CAGE the beginning of
the 5’mRNA is reverse transcribed after selecting the biotin residue at the cap sites using
streptavidin-coated magnetic beads (Corninci et al., 1996). CAGE raw sequences have ben
independently analysed by Dr. Reidar Andreson (University of Tartu, Estonia) to investigate
differential patterns of promoter expression in £. huxleyi PLY# M217 at rates of high and low

calcification.

3.2.9.1llumina sequencing

For the investigation of the transcriptomes from the at times of high and low calcification in
the cell cycle of E. huxleyi the extracted RNA was sent to the Institute of Clinical Molecular
Biology (IKMB) at the Christian-Albrechts-University Kiel, Germany for sequencing. In total 6
samples (3 x HC, 3 x LC condition) were shipped on dry ice to the IKMB for Illumina based
RNA sequencing. The IKMB followed the Illumina TrueSeq sample prepation guide. RNA was
reverse transcribed into cDNA using Sera Mag® oligo(dT);4 tags, magnetic Oligo(dT)
microparticles, which covalently bind specifically to polyadenylated mRNA and therefore
establishing a population of cDNA from purely eukaryotic mRNA (see Sera-Mag manual for
details). The prepared cDNA from low and high calcification periods of E. huxleyi was

sequenced using a raw Illumina 2000 system sequencing at a depths of 100 bp paired reads.
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Raw sequence reads were provided by the IKMB and in silico processed by Dr. Reidar

Andreson, University of Tartu, Estonia.

3.2.10. Processing of paired end Illumina output data

The raw sequences from the Illumina sequencing were quality checked using FastQC

Version 0.11.4 (www.bioinformatics.babraham.ac.uk/projects/). The sequencing data was then

converted into sequence counts and gene expression analysis compatible data by Dr. Reidar
Andreson, University of Tartu, Estonia. The software package Tophat (Trapnell et al., 2009;
http://tophat.cbecb.umd.edu) was applied for clustering and mapping the transcript sequences to
the reference genome of E. huxleyi CCMP 1516 version from 25.4.2008 available at
http://genome.jgi.doe.gov/Emihul/Emihul.home.html. Then the Cufflinks package (Trapnell et
al. 2010, http://bio.math.berkeley.edu/cufflinks) was utilized to test for significant differences in

the abundance of transcripts between the light and dark condition.

Tophat uses a two-step read-mapping algorithm suitable for the alignment of reads from
RNA-Seq experiments (Trapnell et al., 2009). First, the sequences are mapped to the reference
genome using Bowtie, a short DNA sequence aligner (Langmead et al., 2009) that also accounts
for ‘initially unmapped reads’. The initial consensus of mapped regions is computed using the
subroutine Magq (L1 et al., 2008). In the analysis Dr. Reidar Andreson applied the following
Tophat-parameters: number of threads 30 bases, inner-distance 300 bases, minimal intron length
20 bases, maximum intron-length 1000 bases, minimal anchor-length 10 bases, splice-
mismatches 1, minimum-closure-intron 20 bases, maximum-closure-intron 1000 bases, minimal
coverage-intron 20 bases, maximal coverage-intron 1000 bases, minimal segment-intron 20
bases, and maximal segment-intron 1000 bases. In the case of paired end reads, as produced by
the Illumina 2000 sequencer in this study, the counting of duplicate reads from the paired end

approach was avoided.

The Cufflinks package was applied to estimate the abundance of transcripts from the paired
end reads of the Illumina 2000” - data. Furthermore, Tophat-annotation was conducted to
compare the differences in gene expression levels. The algorithm aligns overlapping ‘bundles’
of fragments, identifying spliced mRNA isoforms as pairs of ‘incompatible’ fragments by
taking into account the distribution of fragment lengths for the identification of isoforms.
Cufflinks counts the transcript abundance in fpkm (fragments per kilobase per million) and

utilizes a beta-negative binomial model to estimate the variance of the RNA-Seq data and to
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distinguish significant differences between treatment conditions such as the HC and LC running
a t-test-like statistic. The significance is based on g-values. The g-value is a correction of the p-
value that accounts for the likelihood of a fype I error using a significance level threshold of
0.05 (see Benjamini and Hochberg, 1995). Cufflinks 2.0 produces multiple result tables that
contain transcript abundance, isoform abundance, promoter area usage, transcription start sites
counts, the coding sequence, and the significantly different transcripts. Subsequently, the R -
package CummeRbund (available http://compbio.mit.edu/cummeRbund/) (Trapnell et al., 2012)
was applied to build a database from the cufflinks output files. This database was used as the
core for the analysis of differential expression between the conditions HC and LC applying
procedures described in the CummeRbund manual and to create further tables isolating specific
results of interest and connecting transcripts with annotation data (see details in section 3.2.11).
The pipeline of transcript sequence mapping and differential gene expression analysis is

summarized in Figure 3.2.

3.2.11. Assessment of data quality and of transcript abundance

The cufflinks output files were connected using the R-package CummeRbund to create a
SQL — related database that linked transcripts with parameters such as expression data,
isoforms, and transcription start site. In order to investigate the general data for over-dispersion,
the quality of the sequencing data and the performance of the Tophat-Cufflinks pipeline

graphical visualization, Box-Plots, and hierarchical clustering techniques were applied.

3.2.12. Assessment of transcript abundance in the high rates of calcification
(HC) and low rates of calcification (LC) condition and overall

identification success

Overrepresented transcripts in the light were assigned to the HC condition and transcripts
overrepresented in the dark were assigned to the LC condition for all subsequent evaluations.
Histograms of the transcript abundances and the fragment-sizes were produced through the R -
package CummRbund to investigate general differences between the transcriptomes from the
HC and LC condition. The overall identification success of isoform, transcription start sites
(TSS), coding sequences (CDS), promoters, splicing regions, and regulated CDS was called
from the CummeRbund database. For details of the commands used refer to the CummeRbund

manual (http://compbio.mit.edu/cummeRbund/manual 2 0.html).
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3.2.13. Modification of the Cuffdiff output

The cuffdiff output file “gene exp func.diff” was the source of differential gene expression
analysis between the HC and HC condition, whereas the significance level for differential gene
expression between the conditions was q < 0.05. In the original output file some transcripts
were present as duplicates and the clustering by the Tophat-Cufflinks pipeline was apparently
omitted. To correct duplicate transcripts, the cufflinks output table “gene exp func.diff “ was
modified for downstream analysis. Multiple expression values for the same transcript sequence
were simply summarized. According to Trapnell at al. (2012), adding transcript abundances
referring to the same gene or transcript is permitted because the fpkm-values are directly

proportional to the abundance of transcripts.

3.2.14. Gene recruitment and annotation success

The numbers of transcripts that could be recruited to genes of the JGI E. huxleyi reference
genome (http://genome.jgi.doe.gov/Emihul/Emihul.home.html) were counted. Additional
annotation information, such as KOG (euKaryotic Orthologous groups), KEGG (Kyoto
Encyclopedia of Genes and Genomes), and protein information based on non-redundant protein
NR, SwissProt and UniProt databases was downloaded from JGI sources and connected to the
gene expression results. Subsequently, the transcript annotation success was assessed at the
levels of gene recruitment, KOG annotations, KEGG annotations, and protein annotations and

differences between the conditions evaluated.

3.2.15. Assessment of functional differences between the high calcification (HC)

and low calcification (LC) condition using KOG-class annotations

The largest amount of functional annotations was provided by KOG information. Therefore,
the KOG annotations were used to investigate functional differences between the conditions.
The numbers of transcripts in relation to their predominance in the HC or LC condition were
used to investigate differences in functional expression within KOG-groups and KOG-classes.
The arbitrary significance level of p < 0.01 for Chi-Square tests was applied to classify
significant differences in gene expression between KOG-classes. The data provided low degrees
of freedom. Therefore, the Chi-square test with Yates-correction, was applied to distinguish
significant deviation of the ratio of the number of significantly overexpressed genes LC:HC in
each KOG-class to the overall ratio LC:HC of the gene expression by means of transcripts

(19093:15310). Furthermore, an arbitrary threshold for the ratio of gene expression of all genes
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expressed in each KOG-class and the ratio of gene expression for significantly higher
expressedgenes was set at 2 and 0.5 to indicate difference in expression patterns in the
functional KOG-classes. This ratio is considered to be comparable to the Chi-square approach.
However, in those KOG-classes were omitted from consideration where the thresholds were

created by an absence of transcripts in either condition.

3.2.16. Assessment of gene expression differences between the high

calcification (HC) and low calcification (LC) condition

Gene expression differences between the HC and the LC condition were investigated using a
number of approaches. First, it was of interest which transcripts might be absent from the other
calcification condition in the G1-phase (HC or LC). Therefore, the genes unique to either
condition were investigated. Genes with a potential role in the calcification process in E. huxleyi
were taken in focus. Secondly, the functional groups according to KOG-annotations were
applied to subdivide HC and LC transcriptomes. Following this KOG-class grouping, the
frequency of transcripts in the HC condition was plotted against the frequency of transcripts in
the LC condition, marking non-significantly and significantly more abundant transcripts. This
graphical presentation of the transcripts in each KOG-class was used to identify interesting
clusters of significant transcripts. The genes and the functions of the members of the selected
transcripts were investigated in detail. Thirdly, a selection of molecules, previously reported in
the literature to play a role in the processes surrounding calcification and coccolith formation in
E. huxleyi, was made (Marsh et al. 1992; Wahlund et al., 2004; Nguyen et al. 2005; Quinn et al.,
2006; Richier et al., 2009; von Dassow, 2009; Macckinder et al., 2009, 2011, 2012; Emery et
al., 2012). The JGI gene ID were retrieved for the molecules of interest, such as V -type proton
ATPases, clathrin, P - type proton ATPase, proton exchanger, Ca®” - transporters, calmodulin,
Ca’" - binding proteins, GPA, bicarbonate transporter, and carbonate anhydrase (CA) and their

gene expression levels plotted.
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Figure 3-2: Flowchart showing the bioinformatics pipeline and data analysis from raw
Illumina results to differential expression results comparing gene expression at the transcript
level in the high calcification rate (late G1-phase) and low calcification rate phase (early G1-

phase) of Emiliania huxleyi

PLY# M217.
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3.3. Results

The physiological parameters between the day before cell harvesting and the day of
harvesting showed significant differences for PON and PIC. No significant differences were
found between the high calcification and the low calcification condition. This suggests that the
physiology of the E. huxleyi cell population was not altered. The results are graphically

summarized in Figure 3.3.

3.3.1.Cell fitness parameters in experimental Emiliania huxleyi cultures

Growth rates per day were calculated from daily cell density measurements to assess the
development of the E. huxleyi PLY# M217 cultures. Furthermore, physiological growth
parameters such as particulate organic carbon per cell, particulate organic nitrogen, particulate
inorganic carbon, and the photosynthetic quantum yield (Fv/Fm) were quantified to judge the

fitness of the cells. The ratios of POC:PON and PIC:POC were calculated.

3.3.1.1.  Cell culture growth

E. huxleyi PLY# M217 grew exponentially in all F/50 natural seawater cultures. Figure 3-3
A and B illustrate cell densities and growth rates observed in the E. hux/eyi cultures until cell
harvesting. Five out of 6 cultures showed a lag phase of one to two days before growth rates
increased to above 0.5 d”' (Figure 3-3 B). In one cultures (HC 3) this lag phase extended over
two days. The maximum growth rate of 1.41 d”' was observed in culture HC 3 between day 3
and day 4. Average growth rates of HC and LC cultures were 0.69 + 0.02 (n=3; SD) and 0.68 +
0.04 (n=3; SD), respectively. Despite the observed lag phase the growth rates in the culture
vessels were not significantly different (ANOVA; df: 4,27; F = 0.147, p = (0.978).

3.3.1.2.  Particulate organic carbon (POC) per cell

One day before harvesting POC was in average 1.36 = 0.1 pmol cell”' in the light and 1.40 =
0.27 pmol cell” in the LC cultrues. At the day of harvest lower POC values were observed,
being 1.04 + 0.09 pmol cell” and 1.19 + 0.26 pmol cell™, for the HC and LC cultures
respectively (see Figure 3-3 C). The sampling time was scheduled earlier than on the day before
the harvesting due the extended work plan at the day of harvesting. No significant differences
between conditions and sampling days became apparent (Kruskal-Wallis ANOVA; df: 3, H=
3.667, p = 0.381).
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Figure 3-3: Cell fitness parameters of E. huxleyi cells in culture for transcriptome and proteome
analysis. A - Cell densities in E. huxleyi cultures, B - Growth rates [u] per day of E. huxleyi
cultures; HC 1 to HC 3 replicate cultures for harvesting at high calcification rates and LC 1 to LC 3
for cultures harvested at low calcification rates. C — POC (Particulate Organic Carbon) content per
cell, D — PON (Particulate Organic Nitrogen) content per cell, E — C:N (Ratios of particulate
inorganic carbon to organic carbon), F — PIC (Particulate Inorganic Carbon) per cell, G — PIC:POC
(Particulate Inorganic Carbon to Particulat Organic Carbon ratio), and H — Fv/Fm (average values of
quantum yield of PSII based on FRRF, Chelsea 11, measurements of E. huxleyi cells in cultures 1 day
before and at the day of harvesting. For C, F, and H n = 3. For D, E, and G n = 2. Error bars show
standard deviation from the mean.

3.3.1.3. Particulate Organic Nitrogen (PON) per cell

Averages of PON at the time of harvesting were 0.082 + 0.007 pmol cell and 0.091 £ 0.018
pmol cell” for the HC and LC cultures, respectively (compare Figure 3-3 D). No significant
differences between conditions became apparent No significant difference was found in respect
to PON between the different sampling times (Kruskal-Wallis ANOVA; df: 3, H=2.833,p =
0.543).
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3.3.14.  Particulate Carbon to Nitrogen ratio (C:N) per cell

The ratios of organic carbon and nitrogen per cell at the day of sampling were 12.7 + 1.8 and
13.1 £ 5.5 in the HC and LC cultures, respectively (see Figure 3 — 3 E). At the day before cell
harvest C:N values were slightly higher with 15.1 + 4.0 and 12.5 + 3.8 for the HC and LC
condition, respectively. No significant differences were found in the C:N values between the
HC and LC cultures and the different sampling times (Kruskal-Wallis ANOVA; df: 3, H =
4.167,p=0.324).

3.3.1.5.  Particulate Inorganic Carbon (PIC) per cell

One day before the cell harvesting the PIC in the HC and LC cultures was 0.47 + 0.01 and
0.41 + 0.06, respectively. Just prior cell harvest the PIC content was 0.34 + 0.05 pmol cell”" and
0.32 = 0.13 pmol cell” in the HC and LC condition, respectively (see Figure 3-3 F). No
significant difference was found for PIC between the conditions and the different sampling

times (ANOVA; df: 3,8, F =3.212, p = 0.083).

3.3.1.6.  Particulate Inorganic Carbon : Particulate Organic Carbon ratio

(PIC:POC)

The ratio of PIC to POC was conserved over the two days of measurement (see Figure 3-3
G). It was between 0.35 + 0.03 and 0.34 £ 0.05 for the HC cultures and between 0.29 + 0.10 and
0.32 £ 0.13 in the LC cultures, for the day before harvest and the day of harvest respectively.
No significant difference was found in respect to PON between the HC cultures and the
different sampling times. There was no difference in PIC:POC between one day before
harvesting and the day of harvesting and the HC and the LC conditions (Kruskal-Wallis
ANOVA; df: 3, H=5.500, p = 0.139).

3.3.1.7.  Photosynthetic health

The average photosynthetic efficiency was observed at 0.403 = 0.024 (n=3; SD) in the HC
cultures and 0.377 £ 0.016 (n=3; SD) in the LC cultures one day before cell harvesting. At the
day of cell harvesting Fv/Fm values were 0.435 £ 0.122 (n=3; SD) at HC condition and 0.382 +
0.025 (n=3; SD) at LC condition (see Figure Figure 3-3 H). No significant difference was found
in respect to Fv/Fm values between the HC and LC conditions and the different sampling times

(ANOVA; df: 3,8 ,F=2.153,p=0.172).
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3.3.1.8. Nutrient consumption

Nutrient consumption of the cell populations in the cultures is shown in Table 3-1. Cells
consumed in average 14.3 = 2.2 mmol L™'d" of nitrogen and 0.530 + 0.08 mmol L™'d”'
phosphorous per day. No significant differences of nitrogen or phosphorous uptake within all £.
huxleyi cultures were found (ANOVA [N uptake]; df: 1,5, F =0.126, p = 0.741; (ANOVA [P
uptake]; df: 1,5, F = 1.926, p = 0.237).

Table 3-1: Nutrient consumption in E. huxelyi cultures within the last day before culture harvesting.

N uptake P uptake
Culture | [umolL'd"] | [umolL'd"]
HC 1 15.57 0.64
HC 2 16.97 0.60
HC 3 11.30 0.46
LC 1 12.00 0.45
LC2 14.89 0.51
LC3 14.87 0.50

3.3.2.Dissolved inorganic carbon, total alkalinity and pH

Results for dissolved inorganic carbon, total alkalinity and pH are given in Table 3-2. In
average DIC was in average 1789 + 159 mmol kg SW in the HC cultures and 1945 + 66 mmol
kg'1 SW in the LC cultures. Total alkalinity (At) means were 2102 + 110 mmol kg'1 SW in the
HC condition samples and 2228 + 48 mmol kg SW in the LC condition samples. Values of pH

were 8.04 + 0.02 in average in the HC cultures and 8.02 + 0.03 in average in the LC cultures.

Table 3-2: Seawater parameters in the E. huxelyi culture medium before the harvesting of cultures.
Dissolved inorganic carbon (DIC) and total alkalinity (At) are presented. Averaged values for pH
and standard deviation over the growth period of 5 days for E. huxleyi cultures.

DIC At pH (n=5)
Culture | [mmol kg SW]|[mmol kg”' SW]| (Average + SD)
HC 1 1967.5 2222.7 8.02 + 0.04
HC 2 1736.1 2076.9 8.05 + 0.06
HC 3 1663.3 2007.4 8.04 + 0.04
LC1 1929.0 22232 7.99 +0.08
LC2 1888.3 2183.0 8.03 +0.03
LC3 2018.3 2278.3 8.05 +0.05
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3.3.3. Transcriptomics
3.3.31.  RNA quality and integrity

The RNA purity achieved the recommended values for the ratios 260/230 and 260/280
(compare Table 3-3).

Table 3-3: NanoDrop parameters of RNA samples assigned for Illumina transcriptome sequencing

Sample - Label 260/230 260/280
HC1-L1 2.04 233
HC2-12 2.05 2.01
HC3-L3 2.02 241
LC1-DI1 2.04 2.32
LC2-D2 2.04 1.95
LC3-D3 2.04 2.38

Sufficient integrity of the RNA samples extracted from cells of the HC and LC conditions is
confirmed by the RQI values. The 28S:18S ribosomal RNA ratio is below 2 in all samples,
which is a common finding in algae and other marine organisms (Dr. John Gittins pers.

communication) (see Table 3-4 and Figure 3-11).

Table 3-4: RNA concentrations and RQI values from chip-based electrophoresis RNA samples for
[llumina based transcriptome analysis.

Sample - Label R[IIngH‘fET}a" Ratio [28S:18S] RQI
HC1-L1 417.0 1.67 8.8
HC2-12 379.8 1.72 8.6
HC3-L3 468.4 1.57 8.4
LC1-DI 350.1 1.59 8.6
LC2-D2 468.2 1.68 9.0
LC3-D3 262.5 1.81 8.8
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Figure 3-4: Virtual gel of RNA-samples from chip-based electrophoresis. R: Ladder, HC1 — HC3:
Samples taken at the end of the Light period — HC-condition, LC1 — LC3: Samples taken at the end
of the Dark period — LC-condition.

3.3.3.2.  Illumina raw sequences quality check and results of sequencing

The raw sequences from the Illumina sequencing were quality checked using FastQC
Version 0.11.4 (http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc). All sequences were 101
bp long. No sequences of poor quality were observed (data not shown). No sequence was
flagged of poor quality. However, the per base sequence quality showed dropping reliability of
base identification after around 80 bp with quality score values below 25 in all replicate
samples. This is not an uncommon observation in Illumina sequencing and due to
photobleaching of the dyes from laser scanning. The per-sequence quality score was good in all
sequenced samples. No concerns resulted from using the Illumina raw sequences in the Tophat
— Cufflinks pipeline. Basic statistics of Illumina reads including total reads in each sample and
unique hits to the reference genome are summarized in Table 3-5.

Table 3 — 5: Basic results of the Illumina experiment.

Sample | Total reads GC content Reads removed | Unique hits to reference genome
HC 1 14864840 66 % 0 73.36
HC 2 18687928 66 % 0 74.08
HC3 14537310 66 % 0 73.62
LC1 17147800 67 % 0 73.62
LC2 15536898 67 % 0 73.72
LC3 14313635 66 % 0 74.38
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3.3.3.3.  General results and quality control of the Tophat - Cufflinks
pipeline

An over-dispersion of transcript frequencies or differences in the abundances of transcripts
of different length between the replicate samples was not observed. Over-dispersion of
transcripts in the RNASeq replicates was visualized using Box-plot (see Figure 3-5). The boxes
indicate that transcripts with higher fpkm were found in replicates of the LC condition. Outliers
with a high fpkm-value were represented more abundant in the HC condition (one fpkm equals
10000 transcripts per 100 ng RNA; Trapnell et al., 2010). In the dark (LC condition) outliers of
low fpkm-value appear to be more frequent. Replicate HC1 shows a greater abundance of
transcripts within the first to third quartile of the data. This represents a slight dissimilarity to
the replicates HC2 and HC3 and is reflected also in the hierarchical cluster analysis (see Figure
3-6). However, the dissimilarity is small and only present in one replicate. In subsequent
analyses of gene expression differences this circumstance is likely not to cause a significant

effect.
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Figure 3-5: Transcript frequencies of trascriptomic samples. CummeRbund-Box-Plot showing the
presence of transcripts in each replicate of the condition HC and LC in the G1-phase of Emiliania
huxleyi (x-axis) presented as fragments per kilobase of transcript per million mapped (fpkm),
including outliers. One fpkm equals 10000 transcripts per 100 ng RNA (Trapnell et al., 2010).
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Figure 3-6: Dissimilarity-analysis of transcriptome samples. CummeRbund-Hierachical clustering
analysis showing dissimilarities of all transcripts in the replciates of the conditions HC and LC.

3.3.34. Transcript abundances relative to HC and LC condition

The frequency of transcripts relative to their length in fpkm is presented in Figure 3-7 to
visualize differences in the population of transcripts of different sequence length in the HC and
LC condition. It was obvious that transcripts of around 10%° to 10'? fpkm were more abundant
in the dark (low calcification rates condition). In the light (high calcification rates condition)

transcripts in the ranges of around 10™" to 10** fpkm and around 10° to 10> fpkm were more

frequent.
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Figure 3-7: Transcript length versus transcript abundance in HC and LC condition. Transcript
abundance (density — y axis) in the HC and LC condition relative to transcript length (x-axis) is
presented. In this presentation 5269 cases in the HC condition and 5263 cases in the LC condition
were automatically removed by the CummeRbund package.
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General gene recruitment success with Cufflinks:

Cufflinks conducted counts of reference genome matches in the combined transcriptomes of
E. huxleyi PLY# M217 in HC and LC conditions. A total of 43009 genes were counted in both
conditions. The original results from the Cufflinks differential expression analysis algorithm
were corrected and general statistics of sequence annotation were performed. Low quality or
inconclusive data (see Section 3.2.13) was omitted from the analysis and multiple gene hits
were merged by transcript abundances. Then the gene expression data set comprised of 34403
transcripts of which 24352 transcripts found matching sequences on the JGI E. huxleyi reference
genome and 9999 could be mapped to know genes of the JGI E. huxleyi reference genome (see

Table 3-6).

Table 3-6: Annotation success of transcripts. The table summarizes the transcripts found in .
huxleyi in the HC and LC condition, showing recruitment success to the JGI- reference genome,
protein knowledge base matches of transcript clusters, and the number of retrieved KOG
annotations. The number of transcripts found significantly more abundant in the HC or the LC
condition are given in the columns: HC sig. (significantly more abundant transcripts in HC condition
— high calcification and light incubation period) and LC sig. (significantly more abundant transcripts
in LC condition — low calcification and dark incubation period).

Total HC total | HCsig. | LCtotal | LC sig.
JGI reference gene hits 9999 6446 1846 3553 515
Protein Sequences hits 15150 7099 1332 8051 1299
Transcripts with KOG annotation | 9974 4564 420 5410 1065
Total number of transcripts 34403 15310 3216 19093 3762
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Annotation success:

A total of 15150 transcript-clusters, 44% of the transcriptomes, matched to known proteins.
Functional annotation based on euKaryotic Orthologous groups (KOG) could be provided for
22 % (7689) of the transcriptome (see Figure 3-8). However, 228 transcript-sequences had only
KOG annotation but no matches in protein databases. The total number of transcripts having

KOG annotations was 9974.

7689

19253
7461

no protein knowledge-base hit

‘ “'With NR/UniProt hit only

With NR/UniProt annotation
AND KOG-Group annotation

Figure 3-8: Transcript annotation success. The degree of non-redundant and UniProt protein and
euKaryotic Orthologous groups (KOG) annotation in the combined transcriptomes of HC and LC
conditions is presented.

KEGG-Pathway annotations:

Annotations of KEGG-pathways only provided annotations for 2748 recruited transcripts. A
figure presenting the transcripts abundance for each KEGG pathway class can be found in the

Appendix A of this monograph.
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Significantly different expressed genes:

Between the HC and LC condition 6978 transcripts (20 %) out of the total 34403 transcripts

were significantly different expressed.

High calcification (HC) - Light period Low calcification (LC) - Dark period

28
3188 6978

Figure 3-9: Significantly different and unique transcripts. Number of significantly different
transcripts found in the transcriptomes of E. huxleyi in the HC and LC conditions are shown together
with transcripts that were unique (bold letters) for the HC and LC conditions.

Table 3-7: Annotation success of significantly different transcripts. Number of transcripts found in
the transcriptomes of E. huxleyi in the HC and LC conditions are presented in respect to counts of
significantly different transcripts at the q-value threshold < 0.05 and numbers of transcripts with
annotation information.

Category Total HC LC Significant
Total number 34403 15310 | 19093 6978
Significantly different (q =< 0.05) 6978 3216 3762

Unique transcripts (q =< 0.05) 28 121

All unique transcripts 153 177
NR/UniProt/SwissProt hit 15150 7099 8051 2631
Sig. with NR/UniProt/SwissProt hit 2631 1332 1299

A total of 3216 transcripts were significantly more frequent in the light (high calcification
condition), of which 28 transcripts were unique for the HC condition. In the dark (low
calcification condition) 121 transcripts were unique and 3641 transcripts significantly more
abundant (compare Figure 3-9 and Table 3-6). Out of the total of 15150 transcripts with protein
annotation 47% were higher expressed in the HC and 53% were higher expressed in the LC
condition. Only 2631 of the protein annotated transcripts showed significant differences, of
which 1332 were significantly higher expressed in the HC condition and 1299 significantly
higher expressed in the LC condition (compare Table 3-7).
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3.3.3.,5.  Functional differences of the Emiliania huxleyi transcriptome in
the HC and LC condition based on euKaryotic Orthologous groups
(KOG) annotations

The euKaryotic Orthologous groups (KOG) annotations provided the highest number of
functional annotations represented with 9974 transcripts. Therefore, KOG-groups and KOG-
classes were used to investigate general functional features of the transcriptomes at the HC and
LC condition. To evaluate differences in functional features between the HC and the LC
condition the number of transcripts for all featured KOG-groups and KOG-classes were counted
in respect to predominance in the HC or LC condition of the G1-phase of the cell cycle and their

significant different overexpression in the HC or LC condition.

KOG-Group level:

In this study it was observed that higher numbers of transcripts were more frequent in the
dark period (compare Table 3-6). This was also reflected by the counts of transcripts with KOG-
groups and KOG-class annotations. At the functional level of KOG-group no group showed
pronounced presence of genes relative to the condition and total ratio of transcript

predominance (see Table 3-8).

Table 3-8: KOG-group association of transcriptomes. Numbers of transcripts annotated with KOG-
groups, for the total population, transcripts overexpressed in the Light or Dark condition, and
significantly different transcripts in the HC or LC condition.

Overall at Significant at
KOG-Group Total HC LC HC LC
Cellular processes and signalling 3357 1543 1814 277 343
Information storage and processing 2190 1081 1109 157 198
Metabolism 2242 934 1308 319 208
Poorly characterized 2185 1006 1179 178 205
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The highest number of transcripts (3357) was found in the “Cellular processes and
signalling” group and provided 34 % of the transcripts, combined in the HC and LC condition.
Significantly more frequent transcripts in the LC and HC condition of the KOG-group ‘cellular
processes and signalling’ transcripts contributed 18 % and 17 % (343 and 277), respectively
(compare Figure 3-10). Twenty-two per cent of the transcripts in the HC and LC condition were
related to ‘Information storage and processing’. However, higher rates of significant gene
expression were found in the Dark condition. A portion of 22 % of the gene transcripts
attributed to the KOG-group ‘Metabolism’, which were slightly more frequent in the dark (58 %
0f 2242). Only 25 % of the ‘Metabolism’ gene transcripts were significantly more abundant in
the light (HC condition) compared to 30 % significantly more abundant in the LC condition.

Another 22 % of the gene transcripts were ‘Poorly characterized’.

A) LC condition not significant B) HC condition not significant

& Cellular processes
and signaling

& Information
storage and

processing
~ Metabolism

& Poorly
characterized

C) LC condition signficant D) HC condition significant

Figure 3-10: KOG-group association of transcriptomes. Number of transcript hits assigned to KOG-
groups being singificantly or not significantly over-presented in the HC (high calcifcation) or LC
(low calcifcation) condition. Significance level was set at q < 0.05.
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KOG-Class level:

Functional differences in gene expression between the HC and LC condition were assessed
at KOG-class level. The ratio LC:HC of the number of all genes was used as the expected ratio
to which the ratio of significantly more abundant transcripts for each KOG-class was compared
by means of Chi-square statistics (see Table 3-9 for a summary of the statistical results).
Furthermore, the LC:HC ratio being equal or exceeding the arbitrary thresholds of 0.5 or 2 was
used to identify relevant KOG-classes for cell functional evaluation (see Table 3-10). The
LC:HC ratios of the KOG-classes ‘Translation, ribosomal structure and biogenesis’,
‘Posttranslational modification, protein turnover, and chaperones’, and ‘Lipid transport and
metabolism’ showed significant deviation from the expected ratio (Chi-square test, p < 0.01, see

Table 3-8).

The abundance ratios of the expressed genes from the entire gene population exceeded the
thresholds of 2 (higher abundance in the dark incubation period) only in the KOG-class
‘Nuclear structure’. However, ‘Nuclear structure’ expression was even higher for significantly
different expressed KOG-class annotated genes, showing a ratio of 4. For significantly different
expressed KOG-class annotated genes the ratios exceeded 2 also in the KOG-classes
‘Translation, ribosomal structure and biogenesis’, ‘Nucleotide transport and metabolism’,
‘Inorganic ion transport and metabolism’, ‘Extracellular structures’, ‘Cell cycle control, cell
division, chromosome partitioning’, ‘Carbohydrate transport and metabolism’, and ‘Amino acid
transport and metabolism’, showing higher numbers of KOG-class annotated genes to be
expressed in the LC condition. The results for significantly more abundant transcripts for each
KOG-class by means of Chi-square statistics and the abundance ratios of expressed KOG-class
annotated genes for the entire gene population and the significantly higher expressed genes are

summarized in Figure 3-11.
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Table 3-9: Differences in transcriptomes by KOG-classes. Results of the analysis for significant
differences between the expected LC:HC ratio from the whole transcriptome population and the
observed LC:HC ratio of significantly more abundant transcript in each KOG-class from Chi-Square
tests with Yates-correction (p<0.01) testing. KOG-classes that showed significantly different LC:HC
ratios were marked bold. The transcript abundances in each KOG-Class can be found in Table 3-10.

All genes

KOG class vs. sig. KOG-

Class
Translation, ribosomal structure and biogenesis <0.001
Transcription 0.812
Signal transduction mechanisms 0.224
Secondary metabolites biosynthesis, transport and 0.521
RNA processing and modification 0.045
Replication, recombination and repair 0.023
Posttranslational modification, protein turnover 0.001
Nucleotide transport and metabolism 0.313
Nuclear structure 0.099
Lipid transport and metabolism 0.009
Intracellular trafficking, secretion, and vesicular transport 0.101
Inorganic ion transport and metabolism 0.060
General function prediction only 0.608
Function unknown 0.016
Extracellular structures 0.022
Energy production and conversion 0.949
Defence mechanisms 0.176
Cytoskeleton 0.195
Coenzyme transport and metabolism 0.926
Chromatin structure and dynamics 0.873
Cell wall/membrane/envelope biogenesis 0.755
Cell motility 0.386
Cell cycle control, cell division, chromosome partitioning 0.012
Carbohydrate transport and metabolism 0.023
Amino acid transport and metabolism 0.032
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Comparison of unique and significantly higher expressed transcripts in the high

calcification (HC) and low calcification (LC) conditions of the G1 cell-cycle phase

The number of total unique transcripts and unique significant transcripts varied between the
conditions. In total 153 transcripts were unique in the HC condition and 177 transcripts were
unique in the LC condition. For a large number of unique transcripts no annotation data was
available. Only 28 unique transcripts were significantly increased at HC and 121 unique
transcripts were significantly increased in the LC condition. For the HC condition only 9 of the
significant transcripts matched known proteins. In total, gene annotations for 54 significantly
overexpressed and unique transcripts in the LC condition were retrieved. Further details of the

annotation success of unique transcripts are given in Table 3-11.

Table 3-11: Unique transcripts in the light and dark and their annotation success. Number of the light
and dark condition with and without annotation (KOG-desc.: KOG-description, Sig.: significant, Not
sig.: not significant)

HC conditions LC condition Grand
Total | Notsig. | Sig Total | Not sig. Sig total
Seauenced transcripts 153 125 28 177 56 121 330
Recruited genes 82 73 9 97 46 51 179
With KOG-desc. 14 12 2 16 6 10 30
With protein annotation | 40 34 6 54 27 27 94

Unique significant transcripts in the high calcification in the G1-phase condition

The three most frequent significantly unique transcripts in the HC condition with known
annotation were similar to a proton-coupled amino acid transporter 3 (JGI# 225551, UniProt ID
ID: Q4V8B1, g-value: 0.0096), a pentatricopeptide repeat-containing protein At2g18940 (JGI#
205977, UniProt ID: Q64624, g-value: 0.1284), and a putative homeobox protein R749 (JGI#
250018, UniProt ID: Q5UPO03, g-value: 0.01298). The pentatricopeptide repeat-containing
protein At2g18940 was also unique and significantly transcribed by the JGI# 249953. For
further details of unique significant transcripts in HC condition refer to Table 3-12. The most
abundant transcript (JGI# 352298) only found at HC had an unknown function. The full list of
unique transcripts in the HC conditon is given in the Appendix A Table 2, including transcripts
not being significantly different, without annotation data or matching genes in the E. huxleyi

reference genome.
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Unique significant transcripts in the low calcification in the G1-phase condition

In the LC condition the three most significantly and uniquely abundant transcripts were a
probable fatty acid methyltransferase (JGI# 454253, UniProt ID: P31049, g-value: 1.18 10-16),
a transcript recruiting to gene JGI#f 446057, g-value: 2.54 10-15 without a known protein, and a
putative uncharacterized protein (JGI#f 205338, UniProt ID: D8LH42, g-value: 2.88 10-15) with
a suggested signal transducer activity inferred from electronic annotation. For further details of
unique significant transcripts at LC refer to Table 3-13. The full list of unique transcripts found
in the LC condition treatment is given in the Appendix A Table 3, including transcripts without
being significantly different, having annotation data provided or recruiting to known genes in

the E. huxleyi reference genome.
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Transcripts from each KOG-class selected by means of graphical

distinctiveness

A graphical presentation approach was used to identify distinct significantly more abundant
transcripts in the high calcification (HC) and low calcification (LC) condition of the G1-phase
of the E. huxleyi cell cycle. Hence, the frequency of the transcripts of each KOG - class was
plotted for the light (x-axis; HC condition) and dark (y-axis; LC condition) and are presented
(see Figure 3-12 to Figure 3-16). From the figures significantly more abundant transcripts were
extracted and presented in the Appendix A Table 4. The focus was to extract transcripts from
genes, which are potentially involved in the calcification processes in E. huxleyi. Fifteen
transcripts potentially related to calcification in E. huxleyi were identified (see Table 3-14). Ten
of the identified transcripts were significantly more frequent in the HC condition and only 5

were significantly more frequent in the LC condition.

The three most abundant transcripts in the HC condition were from the clusters recruiting to
calreticulin (JGI# 426711, UniProt ID: P15253, q - value: 0.031, 1206 fpkm in the HC
condition, log2fold-value: -3.1), GPA - calcium binding protein (JGI# 431830, UniProt ID:
QOMYWS, q - value: 1.29 10, 1026 fpkm in the HC condition, log2fold - value: -6.16), and a
synaptobrevin-B (JGI# 444996, UniProt ID: Q54GB3, q - value: 0.031, 561 fpkm in the HC
condition, log2fold-value: -2.84). The three most abundant transcripts in the LC condition were
from clusters recruiting to a sodium/potassium/calcium exchanger 1 (NCKX1) (JGI# 447939,
UniProt ID: Q9QZMS, q - value: 1.77 107, 897 fpkm in LC condition, log2fold-value: 4.03), a
probable sodium/potassium/calcium exchanger CG1090 (JGI# 354606, UniProt ID: Q9VN12,
g-value: 0.008, 553 fpkm in LC condition, log2fold -value: 2.62), and a vacuolar cation / proton
exchanger 5 (CAX5) (JGI# 416800, UniProt ID: Q8L783, q - value: 7.1 10, 549 fpkm in LC
condition, log2fold - value: 2.7). Further transcripts of the HC and LC condition identified by
graphical means and potentially involved in the coccoliths production processes are listed in

Table 3-43 and Appendix A Table 4.
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Figure 3-12: Transcript abundance by KOG-class (1-6) in the light (HC condition) (x-axis) against
transcript abundance in the dark (LC condition) (y-axis) for the KOG-classes A) General function
prediction only, B) Posttranslational modification, protein turnover and chaperones, C) Replication,
recombination and repair, D) RNA processing and modification, E) Intracellular trafficking,
secretion, and vesicular transport, and F) Inorganic ion transport and metabolism. Small circles show
not significant transcripts and small asterisks show significant transcripts. In red: transcripts
overrepresented the HC condition and in black transcripts overrepresented in the LC condition. The
ratios in red and black show the total number of non-significant and significant transcripts (bold) for
the HC and LC condition, respectively. Clusters of significant transcripts of interest are selected by
ellipses.
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Figure 3-13: Transcript abundance by KOG class (7-12) in the light (HC condition) (x-axis) against
transcript abundance in the dark (LC condition) (y-axis) for the KOG-classes A) Translation,
ribosomal structure and biogenesis, B) unknown Function, C) Lipid transport and metabolism, D)
Signal transduction mechanism, E) Nuclear structure, and F) Nucleotide transport and metabolism.
Small circles show not significant transcripts and small asterisks show significant transcripts. In red:
transcripts overrepresented the HC condition and in black transcripts overrepresented in the LC
condition. The ratios in red and black show the total number of non-significant and significant
transcripts (bold) for the HC and LC condition, respectively. Clusters of significant transcripts of
interest are selected by ellipses.
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Figure 3-14: Transcript abundance by KOG-class (13-18) in the light (HC condition) (x-axis)
against transcript abundance in the dark (LC condition) (y-axis) for the KOG-classes A) Energy
production and conversion, B) Transcription, C) Coenzyme transport and metabolism, D)
Carbohydrate transport and metabolism, E) Cytoskeleton, and F) Amino acid transport and
metabolism. In red: transcripts with abundance ratios towards the HC condition and in black with
ratios towards the LC condition. Ratios in red and black show the total number of non-significant
and significant transcripts (bold) for the HC and LC condition, respectively. Clusters of significant
transcripts of interest are pooled by ellipses.
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Figure 3-15: Transcript abundance by KOG-class (19-24) in the light (HC condition) (x-axis) against
transcript abundance in the dark (LC condition) (y-axis) for the KOG-classes A) Extracellular
structures, B) Cell wall, membrane and envelope biogenesis, C) Chromatin structure and dynamics,
D) Secondary metabolism, biosynthesis, transport and catabolism, E) Cell cycle control, division,
and chromosome partitioning, and F) Defence mechanism. Small circles show not significant
transcripts and small asterisks show significant transcripts. In red: transcripts overrepresented the
HC condition and in black transcripts overrepresented in the LC condition. The ratios in red and
black show the total number of non-significant and significant transcripts (bold) for the HC and LC
condition, respectively. Clusters of significant transcripts of interest are selected by ellipses.
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Figure 3-16: Transcript abundance by KOG-class (25) in the light (HC condition) (x-axis) against
transcript abundance in the dark (LC condition) (y-axis) for the KOG-classes cell motility. Small
circles show not significant transcripts and small asterisks show significant transcripts. In red:
transcripts overrepresented the HC condition and in black transcripts overrepresented in the LC
condition. The ratios in red and black show the total number of non-significant and significant
transcripts (bold) for the HC and LC condition, respectively. Clusters of significant transcripts of
interest are selected by ellipses.
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3.3.3.7.  Transcript abundance in the high and low calcification rate
conditions in the G1-phase of the E. huxleyi cell cycle of genes with a

suggested role in the calcification processes

A selection of molecules, previously reported in the literature to play a role in the processes
surrounding calcification and coccolith formation in E. huxleyi (Marsh et al. 1992; Wahlund et
al., 2004; Nguyen et al., 2005; Quinn et al., 2006; Richier et al., 2009; von Dassow, 2009;
Mackinder et al., 2009, 2011, 2012; Emery et al., 2012) are presented in Figure 3-17 to Figure
3-21. The individual figures represent clusters of molecules according to their function and

characteristics.

PPase, V-type and P-type proton ATPase, and clathrin transcript clusters

log2-fold expression change
NR/UniProt/SwissProt ID - protein name

-4 -2 0 2 4
T T T
Q8PYZ8-Na(+)-PPase O
P21616-H(+)-PPase O)
Q06572-H(+)-PPase <0)

Q971G4-V-ATPase 116 kDa isoform a1
Q43362-V-ATPase 16 kDa proteolipid subunit
Q91V37 V-ATPase 21 kDa proteolipid subunit

P54647-V-ATPase subunit A
P31408-V-ATPase subunit B
P23968V-ATPase subunit c"
P54641-V-ATPase subunit d
Q9XGM1-V-ATPase subunit D
Q9V7D2-V-ATPase subunit D1
QIMB46-V-ATPase subunit E
Q9Z7QX4-V-ATPase subunit F
P91303-V-ATPase subunit G
Q9L X65-V-ATPase subunit H .
Q8TDJ6 -RAVE O *
P12522- probable P-type ATPase o *

Sorel

P11442-Clathrin heavy chain 1 0]
P25870-Clathrin heavy chain o—)
Q14677-Clathrin interactor 1 ] (-)10 102 10°

SCALE - Transcripts fpkm e—@—@

Figure 3-17: Transcript abundance and expression ratios of vacuolar type membrane proton pump
ATPases (V-ATPase) in light and dark incubation period (shaded grey), a regulator of V-ATPase
assembly (RAVE), and clathrin. Positive 2%-fold expression values indicate elevated expression in
the low calcification condition. The sizes of the circles indicate the total abundance of transcripts
found in high and low calcification conditions. The results table can be found in Appendix A Table
5.
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Proton pumping pyrophosphatases (PPase), V-type (vacuolar) proton ATPases, P-

type proton ATPase, and clathrin expression

V-type proton ATPases and PPases were suggested to paly an important role in the control
of the pH in organelles (Mackinder et al., 2010), where calcium carbonate is precipitated and to
stabilize the electrochemical gradient across membranes (Suffrian et al., 2011). Transcripts of
V-type proton ATPases and PPases with suggested vacuolar location were present in
transcriptomes of high and low calcificaion condition (compare Figure 3-17). Higher
abundances of transcripts of the V-type proton ATPases and PPases cluster were observed in the
low calcification (LC) condition. Three transcripts for pyrophosphate-energized vacuolar
membrane proton pumps (Na" and H'-PPases) were found more abundant in low calcification
condition. Two genes expressed the H' -PPase with the UniProt ID: Q06572. Furthermore,
transcripts for 13 peptides of the V-type proton ATPase were present, whereas the 16 kDa
proteolipid subunit of the V-type ATPase formed a cluster by 7 genes, the V-type proton
ATPase 116 kDa subunit a isoform 1 and probable V-type proton ATPase subunit G formed
clusters of two genes (for details of the expression levels of each transcript refer to Appendix A
Table 5). Only the P21616 peptide of the H'-PPase of the described V-ATPase cluster was
higher expressed in the high calcification (HC) condition. None of the V-ATPase related
transcripts were significantly higher expressed in HC or LC condition. However, the predicted
RAVE (regulator of V-ATPase assembly) a complex subunit RAV1/DMX protein of the WD-
repeat superfamily, JGI# 461741 was significantly higher expressed in the LC condition,
showing 3-fold more transcripts in the dark and a total of 21 fkpm. Only the transcript of
P12522 being a P-type ATPase 1B was 9-fold significantly higher expressed in the LC

condition. The total abundance of transcripts in both periods was 11.15 fpkm.

Clathrin was suggested to play an indirect role in the calcification process by being present in
clathrin-coated vesicles and occurring together with V-type proton ATPases. The observed
expression of clathrin did show any significant increase in the HC or LC condition. Four genes
were expressed and the bulk of transcripts (801 fpkm) matched the clathrin heavy chain
P25870, whereas 25 % more were present in the LC condition (see Appendix A, Table 5 for
details).
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Expression of proton antiporter and proton exchanger and voltage gated proton

channels

Further proton transport across membranes may involve sodium proton antiporters, chloride
proton exchanger transporters, proton sugar co-transporters, and voltage-gated H' channel
proteins. The abundance of transcripts of the above-mentioned transporters is presented in

Figure 3-18.

Proton exchanger transcript clusters
log2-fold expression change
-8 6 4 -2 0 2 4 6 8

NR/UniProt/SwissProt ID - protein name

Q2YMB3-Na(+)/H(+) antiporter nhaA ©
Q8YFI5-Na(+)/H(+) antiporter nhaA ©
Q39WP5-Na(+)/H(+) antiporter nhaA ©
Q30XM9-Na(+)/H(+) antiporter nhaA O
A1AK41-Na(+)/H(+) antiporter nhaA 1 o3k
A1ATB4-Na(+)/H(+) antiporter nhaA 2 ©
E3PR21-Putative Na(+)/H(+) antiporter ®
C1E8I2-CPA-1 00
Q4PKH3-H(+)/CI(-) exchange transporter 7 12,0)
P51798-H(+)/CI(-) exchange transporter 7
Q87GZ9-H(+)/CI(-) exchange transporter CIcA 0]
Q39525-H(+)/hexose cotransporter 3 ——@ *
E21J90-HVCN ©

1 10 10° 10°

SCALE - Transcripts fpkm @—@—@

Figure 3-18: Transcript abundance and expression ratios of proton exchanger found at light and dark
incubation period (shaded grey). CPA1: monovalent cation: proton antiporter-1 family. HVCN:
Voltage-gated H' channel protein. Positive 2%-fold expression values indicate elevated expression in
the low calcification condition. The sizes of the circles indicate the total abundance of transcripts
found in high and low calcification conditions. The results table can be found in Appendix A Table
6.

Sodium proton antiporters, chloride proton exchanger transporters, proton sugar co-
transporters, and voltage-gated H™ channel proteins were present in the high and low

calcification rate conditions of the G1-phase of the E. huxleyi cell cycle. Significant differences
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for the expression levels between the HC and LC condition were found for transcripts of the
Na'/H" antiporter nhaA protein (UniProt ID Q30XM9) and Na'/H" antiporter nhaA1 Protein
(UniProt ID ID A1AKA41) in the LC condition representing 27 fpkm and 2 fpkm transcripts,
respectively (compare Appendix A Table 6). In the light incubation period (HC condition) the

H'/hexose co-transporter 3 was significantly higher expressed (280 fpkm transcripts).

Observed Ca?* - transporter expression:

Calcium transporters are an important part of cell signalling pathways and fundamental for
reaching the saturation state for the precipitations of calcium carbonate. Calcium transporters of
the K™ dependent Ca®"/Na" exchanger (NCKX), vacuolar cation/proton exchanger (VCX),
cation/proton exchanger (CAX), calcium transporting ATPase — endoplasmic reticulum
(SERCA) type, together with plasma membrane calcium-transporting ATPases (PMCA) and
voltage dependent calcium channels were found in the transcriptomes at high and low
calcification rate conditions of the G1-phase of the E. huxleyi cell cycle (compare Figure 3-19).
The clusters of transcripts for the NCKX1 protein (UniProt ID: Q9QZM), the probable sodium /
potassium / calcium exchanger CG1090 protein (UniProt ID Q9VN12), vacuolar cation/proton
exchanger 5 (UniProt ID: Q8L783).), the SERCA- type 4 ATPase (UniProt ID: Q9XES1), the
plasma membrane calcium-transporting ATPase 4 (UniProt ID: Q64542), and the voltage-
dependent calcium channel subunit alpha-2/delta-2 (UniProt ID QI9NY47) were significantly
more expressed in the LC condition. Furthermore, the long transient receptor potential cation
channel proteins (UniProt IDs: Q91YD4, P48994, and 094759) were expressed in the LC
condition. The E. huxleyi calcification specific cation/proton exchanger CAX 3 (von Dassow et
al., 2009) was apparently not found in the transcriptomes of the HC and LC conditions. For

details about transcript abundance refer to Appendix A Table 7.
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Ca*'- transporter transcript clusters
log2-fold expression change

NR/UniProt/SwissProt ID - protein name
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Figure 3-19: Transcript abundance and expression ratios of Ca™" - transport related proteins found at
light and dark incubation period (shaded grey). NCKX: K" dependent Ca”"/Na" exchanger, VCX:
vacuolar cation/proton exchanger, CAX: cation/proton exchanger, SERCA: calcium transporting
ATPase — endoplasmic reticulum type, PMCA: plasma membrane calcium-transporting ATPase,
VD: voltage dependent, Ca2+/Mg2+—permeable cation channels LTrpC: Long transient receptor
potential cation channel. Positive 2*-fold expression values indicate elevated expression in the low
calcification condition. The sizes of the circles indicate the total abundance of transcripts found in
high and low calcification conditions. The results table can be found in Appendix A Table 7.



110 CHAPTER 3 - THE TRANSCRIPTOME OF EMILIANIA HUXLEYI
AT HIGH AND LOW CALCIFICATION RATES

Observed calmodulin and Ca?* - binding proteins expression

Calcium binding proteins play an important part in reaching and maintaining saturated
concentrations of calcium ions prior to the precipitation calcium carbonate provide a pool of
calcium ions within the cell (Schroeder et al., 2005). The results of the observed transcripts for

calcium binding proteins are presented in Figure 3-20.

CaM and Ca2+- binding proteins transcript clusters

log2-fold expression change
NR/UniProt/SwissProt ID - protein name 8 6 4 -2 0 2 4 6 8

QY9HFY6-CaM .
Q40302-CaM -
*
O)

P27482-CaM-like protein 3
Q9INZT1-CaM-like protein 5
QILNE7-CaM-like protein 7

Q2R1Z5-putative CaM like protein6

QOMYWS - GPA - calcium-binding protein +—() *

P15253-Calreticulin

O * %
*
Q39817-Calnexin homolog O)
Q6Q487-Calnexin homolog —j’(—
*

Q38798-Calnexin homolog 2 -

P38505-CABP O)
F31218-CABP (Fragment) —o*
Q9FIH9-CABP CML37 ©

SCALE - Transcripts fokm e—@—@

Figure 3-20: Transcript abundance and expression ratios of calmodulin (CaM) and Ca®" - binding
proteins found at light and dark incubation period (shaded grey). CABP: calcium binding protein.
Positive 2*-fold expression values indicate elevated expression in the low calcification condition.
The sizes of the circles indicate the total abundance of transcripts found in high and low calcification
conditions. The results table can be found in Appendix A Table 8.

Calmodulin transcripts were more frequent in the HC condition, namely Q9HFY 6, Q40302,
and the calmodulin like protein 6 (Q2R1Z5) (compare Figure 3-20 and Appendix A Table 8).
Transcripts of calmodulin like proteins were also observed in the low calcification rate
condition (LC) of the G1-phase of the E. huxleyi cell cycle but at much lower rates. However,
the only significant difference in expression rates between the HC and LC conditions was found
for clamodulin CaM-like protein 5 (QINZT1) showing only 1 fpkm transcripts. In total 4265

fpkm transcripts of the different calmodulin isoforms were found in the HC condition compared
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to 1736 fpkm transcripts in the LC condition (see Appendix A Table 8). The known GPA calcium binding
protein (QOMY W) was significantly high expressed in the cells of the G1-phase showing higher
calcification rates in the light incubation period. In the HC 1029 fpkm compared to 14 fpkm in the LC
condition of GPA transcripts were observed. Two genes of calreticulin (UniProt ID: P15253) expressed
significantly higher transcripts in the HC condition (1516 fpkm) compared to 183 fpkm transcripts in the LC
condition. Furthermore, genes of calnexin homologs (UniProt ID: Q39817, Q6Q487, and Q38798) produced
significantly more transcripts in the HC condition (596 fpkm) compared to 67 fpkm to the LC condition.
Transcripts of the predicted calcium binding protein (UniProt ID: F31218) were also significantly higher

expressed in the HC condition.

Observed Bicarbonate transport and carbonate anhydrase expression

The transport of bicarbonate and activity of carbonate anhydrase provides CO, and CO;> - ions for
photosynthesis and calcium carbonate synthesis in E. huxleyi (von Dassow et al., 2009; Richier et al., 2011).
A total of 20 genes of the E. huxleyi genome related to bicarbonate transport were tested for differential
expression between the high (HC) and low calcification rate (LC) conditions of the G1-phase of the E.
huxleyi cell cycle and results are presented in Figure 3-21. Transcripts relating to 9 genes showed
significantly different abundance in 4 gene clusters. Gene expression related to bicarbonate transport was
significantly higher for 5 out of 9 genes in the LC condition and for 4 out of 9 genes in the HC condition.
The genes JGI#t 99943, 426735, 200137, 198643, and 120259 code for the isoforms of the anion exchanger 2
protein (UniProt ID: P23347) and were higher expressed in the LC condition comprising a total of 726 fpkm,
whereas transcripts of the genes JGI# 99943, 200137, 198643, and 120259 were significantly more abundant
in the LC condition. The putative Na -independent CI/HCO’* exchanger AE1 of the SLC4 family (UniProt.
ID: Q9HGM6) was more frequent in the HC condition and transcribed by 3 genes. Transcripts recruited to
the E. huxleyi gene JGI# 466232 showed 276 fpkm in the HC condition, which was significantly higher than
in the LC condition (2 fpkm). Transcripts recruited to the E. huxleyi gene JGI#t 314659 were also
significantly more abundant in the HC condition showing 207 fpkm transcripts in the light incubation period
compared to 4 fpkm in the dark incubation period. The sodium bicarbonate co-transporter 3 of the SLC 7
family (JGI gene # 469783, UniProt. ID: Q8BTY2) was significantly higher expressed in the LC condition
with 15 fpkm compared to one fpkm transcripts in the HC condition. Furthermore, the uncharacterized
vacuolar membrane protein of the SLC 26 family (UniProt. ID: YGR125W) involved in
sulphate/bicarbonate/oxalate exchanger was expressed by three genes, of which two were significantly more
expressed. Genes relating to the sulphate/bicarbonate/oxalate exchanger were significantly more expressed in
both the HC and LC condition, whereas JGI gene # 98125 expression was significant for the HC condition

and JGI gene # 460215 expression was significantly increased in the LC condition. The total transcript
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abundance of the YGR125W homologs was 34 fpkm in the HC and LC condition. For details of transcript

abundance related to bicarbonate transport refer to Appendix A Table 9.

The gene expression differences in the HC and LC condition of seven genes related to carbonic anhydrase
were investigated. In general, carbonic anhydrase expression was elevated in the LC (low calcification)
condition compared to the HC (high calcification) condition (compare Figure 3-21). Increasingly expressed
genes for carbonic anhydrases were found significant in the LC condition. Three homologs of the carbonic
anhydrase (UniProt ID: 052535) were present, of which only transcripts recruiting to JGI gene # 233460
were significant in the LC condition. Out of two homologs of carbonic anhydrase UniProt ID Q50940 in the
LC condition only transcripts mapping to JGI gene # 62679 were significant. Interestingly, the sequences of
most transcripts were mapped to the E. huxleyi specific delta-carbonic anhydrase (UniProt ID: Q0ZB86, JGI
genet 436031), which were only present in the LC condition with 74 fpkm transcripts. Details for all

transcripts related to carbonic anhydrases are given in Appendix A Table 9.
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HCO, transporter & carboante anhydrase transcript clusters
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Figure 3-21: Transcript abundance and expression ratios of bicarbonate transport and carbonic
anhydrase found at light and dark incubation period (shaded grey). AE: Anion exchanger. SLC:
Solute carrier family. VMP: vacuolar membrane protein. Asterisks at the protein name indicate
EuKaryotic Orthologous Groups (KOG) definition: Sulphate/bicarbonate/oxalate exchanger SAT-1
and related transporters (SLC26 family). Positive 2*-fold expression values indicate elevated
expression in the low calcification condition. The sizes of the circles indicate the total abundance of
transcripts found in high and low calcification conditions. The results table can be found in
Appendix A Table 9.
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3.4. Discussion

In this study, experimental cultures of the unicellular coccolithophore E. huxleyi PLY# M217 were reared
in F/50 medium to investigate the transcriptomes at high and low calcification rates of the G1-phase of the
cell cycle. Previous studies observed different gene expression in Emiliania huxleyi related to life cycle
phases, different cell cycle phases, under calcification stimulating by phosphorous limitation, and different
carbonate chemistry regimes (e.g. Quinn et al., 2006; von Dassow et al., 2009; Richier et al., 2009;
Mackinder et al., 2011; Bach et al., 2013). This study showed that gene expression related to
biomineralisation differs significantly within the G1 cell-cycle phase at high and low calcification rates, the
light and the dark incubation period, respectively. Interestingly, the expression of proteins, which were
previously reported to be involved in coccolithophogenesis, was more frequent in the low calcification phase
of the G1-phase. This suggests patterns of gene expression, in which a significant amount and molecules
involved in biomineralisation processes, namely ion transporting pathways, are expressed before the
calcification machinery maximizes under light exposure. For example, the bulk of V-type ATPases related
transcripts (see Appendix A Table 5 for details), around 75% of the cation proton exchanger CAX5
transcripts, the majority of K™ dependent Ca®* / Na” exchanger (NCKX) transcripts, and higher numbers of
clathrin transcripts were observed when cells were actually calcifying at low rates. This might suggest that
large proportion of the potential biomineralisation proteins is synthesized during or just after mitosis and that
a smaller degree of those proteins needs continuous synthesis during periods of highest calcification rates.
Furthermore, the observed gene expression patterns also support the general importance of calcium binding
proteins in the process of coccolithophogenesis. Calcium binding proteins were increasingly expressed in the
high calcification condition of the G1-phase, which could also indicate that many of those calcium-binding
proteins are lost during coccolithogenesis. In particular GPA showed 70-fold increase in the light enhanced

calcification phase.

The following paragraphs will lead to putting the gene expression results from the transcriptomes of early
and late G1-phase E. huxleyi cells, in a wider context. First, the experimental methodology, culturing
conditions, transcriptome analysis using functional groups and a graphical approach are reassessed and
discussed. Eventually existing models of calcification in coccolithophores are discussed with the results from

this study taking into account models of the algae cell cycle and cell division.
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Methodological considerations of the E. huxleyi culture conditions

The culturing conditions, depletion of nutrients and the time point of cell harvesting may have affected
the physiological performance and therefore calcification of E. hux/eyi in the presented study. Using cultures
of E. huxleyi grown in F/50 medium might have affected the general patterns of gene expression but should
not have affected the investigation of gene expression relevant to coccolithophogenesis. The F/50 medium is
considered to limit the supply of phosphate to coccolithophores and thereby increase the accumulation of
calcium carbonate per cell and cause physiological stress to the cells (Paasche, 2002; Wahlund et al., 2004).
Under phosphate limited conditions general gene expression was reduced in E. hux/eyi compared to gene
expression in phosphate-replete conditions (Wahlund et al., 2004b; Nguyen et al., 2005). Phosphate
limitation was found to cause gene expression linked to stress and cell defence, among them genes coding
for homologs of HSP70 (Wahlund et al., 2004b). Testing the expression of HSP 70 homologs in the
transcriptomes of the high calcification period and low calcification period showed that 4 homologs were
significantly more frequent in the light period (high calcification condition) (see Appendix A Figure A-2 and
Appendix A Table 11), which could indicate phosphate depletion at the time of cell harvesting for
transcriptome analysis. The cells require phosphate for a diversity of processes such as the synthesis of DNA
and RNA. Under phosphate limited conditions cells might not be able to pass into cell division phase in the
dark because at earlier cell cycle check points the cell had not attained its critical size and energy reserves
(Zachleder et al., 2016). As a result of prolonged cell cycle and cell growth, more calcium carbonate per cell
is accumulated until the cellular reservoirs of phosphate have been filled. Only when phosphate pools were
restored the cells may pass through cell division. However, an accumulation of calcium carbonate per cell
(PIC increase) and a halting of the cell cycle cannot be concluded from the increase in cell densities and
growth rates (Figure 3-3 A and B). The PIC per cell (Figure 3-3 F) remained stable at the termination of the
experiment. Furthermore, the POC and PON results did not show any differences between the day before cell
harvest and the day of harvest. It was therefore thought that the cells were not altered in their physiology
during the experiment and a phosphate limitation was not given. If phosphate was depleted, even though the
data suggest otherwise, phosphate limitation should enhance gene expression related to biomineralisation in

E. huxleyi (Wahlund et al., 2004b; Nguyen et al., 2005; Quinn et al., 2006).
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Methodological considerations of the transcriptome analysis

Matching the raw transcript sequences of late and early G1-phase to the Emiliania huxleyi genome v.1.0
(April 25, 2008; http://genome.jgi.doe.gov/Emihul/Emihul.home.html) identified 34403 transcripts using
NGS Illumina sequencing of mRNA. However, only 9999 gene transcripts matched to known proteins
suggesting the relatively poor annotation of the Emiliania huxleyi genome v.1.0, a large degree of regulatory
transcripts, and post-transcriptional modifications. Nevertheless, the present study revealed nearly twice the
number of transcripts as reported in the EST analysis by von Dassow et al. (2009) (19188 ESTs; strain RCC
1217). However, von Dassow et al. (2009) reported nearly twice as much transcripts using the strain CCMP
1516, B-morphotype, which showed 72,513 ESTs. From the most recent genome of E. huxleyi CCMP1516 it
is thought that the E. huxleyi genome comprises of 142Mb containing 30,569 protein-coding genes of which
28429 were matched to known transcripts in databases (Read et al., 2013). The results of this study found
9999 transcripts matching the 2008 version of the reference genome but 15150 transcripts matching known
protein sequences. Again the comprehensiveness of the Emiliania huxleyi genome v.1.0 (April 25, 2008)
might have influenced the annotation success of the observed transcripts. At the time of analysis the newly
sequenced genome http://www.ebi.ac.uk/ena/data/view/ GCA 000372725.1 (Read et al., 2013) was not

available at the time.

The Illumina sequencing and Tophat-cufflinks pipeline found large numbers of differentially expressed
transcripts. However, the Tophat-cufflinks pipeline has been criticized for its return of increased number of
false positives (Rapaport et al., 2013). The accuracy issues with significant differential gene expression in
the Tophat-cufflinks pipeline were addressed by the introduction of the q — value, which provides higher
correctness (Trapnell et al., 2012) and reduces false positive identifications (Rapaport et al., 2013).
Microarray based gene expression analysis applied thresholds of p < 0.01 and 2-fold-expression greater than
two to identify significantly different transcripts abundance in E. hux/eyi cultures grown in nutrient replete
and nutrient deplete conditions (Quinn et al., 2006). In a simulation, the threshold values of Quinn et al.
(2006) were applied to the differential expression results of the Tophat-cuftlinks pipeline. Thus, the numbers
of significantly different transcripts were reduced by 43% from 6978 significantly different expressed genes
(q <0.5) to 3942 significantly different expressed genes (p < 0.01; 2-fold expression greater than 2). Quinn
et al. (2006) showed that of a total of 2298 ESTs 127 transcripts (5%) showed significantly different up or
down regulation. In this study 20% of the transcripts were significantly up or down regulated following the
Tophat-cufflinks pipeline and even after applying the additional thresholds (q < 0.01 and 2-fold expression
greater than 2) 11% of the transcripts were different in cells of the early G1-phase low-calcifying and late
G1-phase high calcifying conditions. Further transcriptome analysis was conducted without the
implementation of arbitrary thresholds because other means (e.g. graphical selection by transcript frequency

and previously reported genes) were used to select the differentially expressed genes of interest.
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General expression patterns using functional physiological groups

The affiliations of the proteins transcribed by the observed transcripts to functional groups such as the
euKaryotic Orthologous groups (KOG) were used to investigate general functional differences in the
transcriptomes of the high calcification (HC) and low calcification (LC) condition of E. huxleyi cells in the
late and early Glphase, respectively. Functional KOG annotation groups showed the highest number of
KOG annotations and were therefore applied for the general inferences of functional characteristics of the
cells in the HC and LC condition. ‘Cell signalling” was found to be the most important functional
characteristic of the expressed genes according to the retrieved transcripts with KOG-group annotation.
Genes involved in ‘Metabolism’ and ‘Information storage and processing’ were almost equally expressed in
the Light and Dark period. In all KOG-groups more transcripts were abundant in the LC condition (see Table
3-7). Wahlund et al. (2004) reported that most transcripts in nutrient replete and nutrient deplete cultures
referred to the functional group of ‘Metabolism’, and could not discover a pattern towards over-

representation relating to culture conditions, which increase calcification or alter calcification.

At the KOG-class the general expression patterns showed that transcripts belonging to ‘Translation,
ribosomal structure and biogenesis °, ‘Posttranslational modification, protein turnover, chaperones’, and
‘Lipid transport and metabolism’ were significantly different from the overall expression ratios in the HC
and LC condition. ‘Translation, ribosomal structure and biogenesis ‘ showed more significantly expressed
transcripts in the LC condition, whereas more significantly expressed genes of ‘Posttranslational
modification, protein turnover, chaperones’ and ‘Lipid transport and metabolism’ were observed in the HC
condition (late G1-phase). Increased numbers of significantly expressed genes of the KOG-class
‘Translation, ribosomal structure and biogenesis‘ in the LC condition could indicate that a higher general
activity of cell structure synthesis, due to internal ‘zeitgeber’, in preparation for the onset of the HC
condition (McClung, 2014) or for complementation of cell assemblies divided during cytokinesis. Elevated
gene expression related to the KOG-class ‘Translation, ribosomal structure and biogenesis‘in the early G1-
cell-cycle-phase enables photosynthetic organisms to efficiently produce carbohydrates at an early stage of

the photosynthetic period already (Green et al., 2002; Dodd et al., 2005; Winjen et al., 2006).

The ratio of genes showing significantly different expression was increased in the KOG-classes
‘Translation, ribosomal structure and biogenesis‘, ‘Nucleotide transport and metabolism’, ‘Inorganic ion
transport and metabolism’, ‘Extracellular structures’, ‘Cell cycle control, cell division, chromosome
partitioning’, ‘Carbohydrate transport and metabolism’, and ‘Amino acid transport and metabolism’ towards
the Dark period. Von Dassow et al. (2009) showed that transcripts belonging to the KOG-Classes ‘Signal
transduction mechanisms’ and ‘Cytoskeleton’ were significantly more abundant in non-calcifying 1N E.

huxleyi cells. In calcifying 2N E. huxleyi cells von Dassow et al. (2009) showed that transcripts of the KOG-
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Class ‘Translation, ribosomal structure and biogenesis’, ‘Signal transduction mechanisms’, and
‘Cytoskeleton” were overrepresented. Only the total ratios of genes expressed in the KOG-classes
‘Translation, ribosomal structure and biogenesis’ and ‘Nucleotide transport and metabolism’ were more
abundant in calcifying cells in the light phase of this study.

It was unexpected to find transcripts of the functional class summarizing ‘inorganic ion transport’ and
‘carbohydrate transport and metabolism mechanisms’ more abundant in the dark period (low calcification
condition), as genes of these groups should be more active during biomineralisation and photosynthesis.
However, the observed patterns further support that the readiness for biomineralisation and photosynthetic
machinery is established before the start of the light phase as part of the synthesis of cell structures (e.g.
Golgi apparatus), which were reduced in their extend during cell division (Nebenfuehr et al., 2000; Puhka et
al., 2007). This readiness could be accomplished by inducing gene expression in a periodicity that is slightly

uncoupled from the physiological activity and more related to the cell organelle construction.

It seems that care must be taken when estimations of the functional machinery are made from interpreting
functional annotations. The functional groups comprise transcripts, which are active in many physiological
pathways including calcification and photosynthesis. Furthermore, the evaluation does not consider
transcript abundance and the potential amount of translated proteins. The expression patterns by comparison
of KOG-class representatives, or by other functional annotations (e.g. GO annotations), could mask the

actual general gene expression patterns that equally account for transcript abundance.

Unique transcripts in the early and late G1-phase involved in biomineralisation

Previously, the observations of unique transcripts in conditions of increased or altered biomineralisation
of E. huxleyi suggested that the unique transcripts relate to genes, which could be involved in calcification
(Quinn et al., 2006). The gene expression analysis of transcripts in the high calcification (HC) and low
calcification (LC) conditions, when cells were in the late and early G1-phase, respectively, revealed 153
unique transcripts in the HC condition and 177 transcripts in the LC condition. The numbers of unique
transcripts in the HC and LC condition follow the general pattern of higher transcript abundance in the early
G1-phase (LC condition). However, only 18% of the unique transcripts in the late G1-phase and 68% of the
unique transcripts in the early G1-phase were found differently expressed (q < 0.05). In particular, in the late

G1-phase (high calcification condition) the percentage of significant transcripts was low.

Most of the transcripts unique in the HC conditions were not annotated and thus attributing functions to the
most abundant transcripts is lacking. However, the second most abundant unique transcript In the HC
condition is referred to Q5SUPO03 having a potential role in regulation of transcription. The third most

abundant unique to the HC condition transcript translated to the proton-coupled amino acid transporter 3
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(UniProt ID: Q4V8B1), which could be part of processes involved in the precipitation of calcium carbonate
in E. huxleyi. Coccoliths are complex structures made generally of subsequent layers of organic matrix and
calcium carbonate. The organic matrix is important for the directed precipitation of calcium carbonate
forming the characteristic 3-D structure of the calcite scales (Marsh, 1986; Arias and Fernandez, 2008). The
intercellular location of Q4V8BI1 is suggested in the endoplasmatic reticulum using Euk-mPLoc 2.0 (Chou
and Shen, 2010). Calcium carbonate and calcium binding proteins were found to be abundant in the ER and
the CV (Corstjens et al., 1998; Mackinder et al., 2010). Furthermore, single amino acids were found to
modulate the precipitation of calcium carbonate crystals in situ (Briegel et al. 2012) and amino acids were
also found stabilizing amorphous calcium carbonate (ACC) in vitro in the red claw crayfish Cherax
quadricarinatus (Bentov et al., 2010). In coccolithophores it was suggested that an ACC phase might play a
role in coccolithophore-genesis (Mackinder et al., 2010) additionally requiring transporters Mg>" and protons
to sustain the pH and aqueous phase of ACC in the maturating CV before a directed precipitation of calcium
carbonate is mediated by an increase in pH in the coccolithosome. Hence, the proton-coupled amino acid
transporter 3 (UniProt ID: Q4V8B1) could be an important molecule under photosynthetically enhanced
calcification that in conserving the Ca®" in coccolithosomes by ACC conformation and thereby reducing the
transport of protons from the ER, coccolithosomes, and CV into the cytosol. Four additional membrane-
associated proton-coupled amino acid transporters were found in the transcriptome, showing 224 fpkm. The
potential function in regard to ACC stabilization of these transporters in coccolithophores requires further

investigation.

In the non-calcifying state of E. huxleyi (LC condition) the abundance of unique transcripts was greater
than in the HC condition (see Table 3-10). In comparison Quinn et al. (2006) found more significantly up-
regulated genes by using micro-arrays, which can be explained by targeting ESTs that were previously
identified by Wahlund et al. (2004a). The restricted selection of target genes might have missed many
transcripts as the knowledge of the E. huxleyi genome was still at an early stage. The unique genes of the

Dark period of this study seem, as expected, to have no relevance for processes involved in calcification.

Exploration for genes involved in calcification from the graphical evaluation of significantly

different transcript abundance

The expressed transcripts were clustered according to KOG-Class annotations; their expression levels at
high and low calcification rates graphically illustrated, and thus obvious patterns of gene regulation explored.
Out of a total of 271 graphically selected transcripts fifteen genes with a putative involvement in
biomineralisation related processes were identified. Ten transcripts potentially involved in biomineralisation
were significantly overrepresented in the calcification phase (late G1-phase) and five transcripts showed

elevated frequencies in the low calcification phase (early G1-phase).
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The most abundant transcript of those selected in the calcification phase (late G1-phase) was calreticulin
(UniProt ID: P15253) showing nearly nine times higher expression in the HC condition. Calreticulin binds
Ca’" - ions and was found in other calcifying organisms such as corals (Tambutté et al., 2011) as well as E.
huxleyi (Wahlund et al., 2004b; Quinn et al., 2006; Mackinder et al., 2010). Calreticulin was reported to be
abundant in the endoplasmatic reticulum where it binds Ca*" and buffering concentrations between 100-500
uM (Berridge, 2002) or it acts as a stress response protein (Pockley, 2003). Furthermore, calreticulin
regulates the expression of SERCA-type 2 Ca - ATP pumps (John et al., 1998). SERCA-type Ca transporters
were previously found in E. huxleyi (von Dassow et al., 2009) but the limited Ca - transport potential of the
SERCA-type Ca - ATP pump suggested to be insufficient to establish the required Ca — concentrations in the
CV alone (Mackinder et al., 2010). However, in combination with calsequestrin calreticulin may enable the
ER to modulate impulses of calcium flux (Berridge, 2002) that could initiate coccolithogenesis, if the

properties of the ER persist in the CV.

The second most abundant transcripts in the HC condition recruited to gene 431830 coding for a further
putative calcium binding protein GPA (Corstjens et al., 1998). GPA was found up-regulated in calcifying
cells (Quinn et al., 2006) and was present in calcifying 2N and non-calcifying 1N cells (Richier et al., 2009;
Mackinder et al., 2010). In this study, JGI gene # 431830 was 70 fold (1029 fpkm in HC versus 14 fpkm in
LC) higher expressed in the calcification phase of E. huxleyi, supporting its direct or indirect involvement in
calcification. An elevation of GPA-expression in calcifying E. huxleyi cells in nutrient replete cultures was
previously reported (Richier et al., 2009), thus supporting the key importance of GPA in
coccolithophogenesis. Furthermore, Mackinder et al. (2010) suggested that the silk fibrion protein
similarities of GPA might make it important in the formation of amorphous calcium carbonate (ACC), as an
intermediate form in advance of calcium carbonate crystallisation. However, the existence of ACC in

coccolithophores is still debated.

Another potentially relevant process for coccolithogenesis might be membrane fusion and exocytosis, in
which syntaxin and synaptobrevin are part of the SNARE complex (Soluble NSF Attachment Protein
Receptor). Syntaxin and synaptobrevin were expressed through JGI gene # 434324 and JGI gene # 444996,
437571, 351006, and JGI gene # 460762, respectively (compare Table 3-13). Both proteins are part of the
SNARE complex, which is involved in vesicle membrane fusion. During the calcification process it is
thought that coccoliths are formed in the CV. When the coccolith has formed the CV fuses with the cell
membrane to expose the coccoliths to the outside of the cell (Taylor, 2007). Furthermore, from the Golgi
apparatus polysaccharide and Ca®" - rich vesicles, termed coccolithosomes, constantly supply polysaccharide
and Ca*" to the coccolith-forming vesicles (Outka and Williams, 1971; van der Wal et al., 1983); a process

that also requires vesicle membranes to fuse.
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Interestingly, significantly elevated transcript abundance of the MFS transporter homolog was also found
in the high calcification condition. MFS-type transporters are capable of transporting small solutes in
response to chemiosmotic ion gradients and are characterized as single-polypeptide secondary carriers.
However, it is not clear how MFS — transporter activity could assist the biomineralisation and what solutes
the MFS-transporters could process within the coccolithophores. In the low calcification condition, three
genes (JGI gene # 354606, 447939 and 416800) were found to express the greatest number of sequences
similar to members of the Na*/ Ca>" - K” exchanger (NCKX) family. NCKX cation / Ca>" - exchangers play
an important role in Ca>" - homeostasis. Proteins of the NCKX — family were suggested to contribute
significantly to the Ca®" transport into endomembrane precursor CV compartments (Mackinder et al., 2011).
Here however, the putative NCKX family member’s gene was expressed significantly higher in the low
calcification phase (early G1-phase), when no calcification occurred (refer to section 2, Figure 2.10).
Nevertheless, multiple genes in the E. huxleyi genome for NCKX - like proteins and their expression levels
will be discussed in more detail below to evaluate the potential activity of NCKX transporters during the
calcification phase. The calcium transporters that were expressed in non-calcifying early G1-phase cells
(compare Table 3 — 13) may still play a role in calcification during the light phase. In the early G1-phase
after cell division was completed general protein synthesis is increased (Snustad and Simmons, 2000).
Calcium transporters are most likely expressed as well to construct the functionality of organelles,
membranes and compartments to enable the establishment of Ca** gradients; for example between the

cytosol and the ER lumen before the onset of the Light period.

Discovering expressed biomineralisation gene using transcript abundance

An analysis of the top 1000 most abundant transcripts of the light phase demonstrated transcript
abundances ranging from 13 10° fpkm to 225 fpkm. The selection of the 1000 most frequent transcripts
coding for proteins potentially involved in calcification is presented in Appendix A Table 12. The most
abundant transcript in the light (JGI E. huxleyi scaffold 781:3342-3438) is newly described as an un-
reviewed hypothetical protein partial mRNA (NCBI XM _005771519.1; Read et al., 2013). One protein-
homologous group previously not discussed in this monograph was discovered in the 1000 most abundant
transcripts that indicates a potential role in the calcification processes. A GTP-binding protein SAR (UniProt
ID: Q01476) a subunit of the COPII vesicle coat complex showed 255 fpkm and 103 fpkm transcripts in
cells showing elevated and reduced calcification rates, respectively. Clathrin was previously identified as
another highly abundant transcript in the both conditions. Clathrin peptides were also identified to have
significantly higher relative abundance in calcifying E. huxleyi cells by the proteome analysis. Jones et al.
(2011) suggested clathrin to be important in the biomineralisation process because it occurs together with V-

type ATPase proton transporter in clathrin-coated vesicles (Forgac, 2000). Also vacuolar-type proton
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pumping ATPase was identified in the coccolithophore vesicle membranes (Corstjens et al., 2001),
suggesting that these two molecules exist together in coccolith vesicles. Clathrin’s significance for vesicle-
mediated transport in the silica-precipitating diatom 7. pseudonana was previously suggested from proteome
analysis (Nunn et al., 2009). Vesicle-mediated transport in coccolithophores with clathrin and/or GTP-
binding protein SAR could deliver minerals from the Golgi network to the CV via coccolithosomes. The V-
type ATPase could control the luminal pH of the coccolithosome and trigger forced alkalinisation. The
presence and location of clathrin and GTP-binding proteins using molecular staining should be investigated.
Such a study might reveal that clathrin and the COP vesicle coat complex should be placed in a more general
model for vesicle transport in marine phytoplankton if it is active in diatoms and coccolithophores alike.
Vesicle fusion assisted by the SNARE complex is another related process that was indicated by the
significant higher abundant transcripts of syntaxin and synaptobrevin, which are part of the SNARE
complex, in the light period (see Table 3-13).

Expression of genes with a previously suggested role in coccolithogenesis

in E. huxleyi

The expressions of known genes coding for vacuolar membrane proton pump ATPases (V-ATPase),
proton exchanger, Ca>" - transport proteins, calmodulin (CaM) and Ca>" - binding proteins, and bicarbonate
transport related protein were investigated in periods of calcification and no calcification over the cell cycle
of E. huxleyi. The general expression of these genes is higher in the early G1-phase (no calcification), with
the exception of genes coding for calmodulin (CaM) and Ca”" - binding proteins. The genes (JGI# 373343,
442625, and 443126) coding for CaM (UniProt. ID: Q40302) were the highest expressed of the Ca®" -
binding proteins. Previously, Richier et al. (2009) also found that CaM and GPA expression was elevated in
the Light period of diploid E. huxleyi RCC1217. As reported above calreticum and calnexin expression was
highly up-regulated in the calcification phase (Light period). The constant demand for calcium binding
proteins may result from the continuous construction of coccolithosomes to supply calcium to the CV. The
high abundance of transcripts of calcium binding proteins could also suggest that the molecules are instable
or are lost after the CV merges with the cell membrane and the coccolith is expelled to the outside of the cell.
Calnexin and calreticulin were assigned to the ER (Brodski and Skach, 2011), whereas no preferred location
for the calmodulin is known, as it may be found at different subcellular locations such as the cytoplasm,
organelles or plasma organelle membranes (InterPro Protein Archive). Hence, calmodulin in E. huxleyi could
also be a messenger protein for calcium transport to receiver proteins (Chou et al., 2001), such as other
calcium binding proteins. Continuous synthesis of calreticulin, calnexin, and CaM appeared to be present in
calcifying cells for the delivery of calcium or stabilization of calcium concentrations within coccolithosomes

and the CV.
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The relatively under-represented transcripts of NCKX, CAX, and, calcium channels in the calcification
phase could indicate a lower significance of calcium transporter expression for the maintenance of
coccolithophogensis. In fact the low expression of NCKX, CAX, and calcium channels might also indicate
that the calcium transporters are more stable within the membrane of the ER and that there is a transverse
flow of calcium in the ER from areas with high abundance of NCKX, CAX, and calcium channels to areas of
coccolithosome-formation. Only the transporters that are lost from the ER by coccolithosome-formation
need to be resynthesized. This could explain why expression levels of NCKX, CAX, and calcium channels

were lower in the calcification period than in the low calcification period.

The control of the pH is vital for calcium carbonate precipitation and important for coccolith production.
Hence, proton levels need to be controlled by active proton pumping to establish low proton concentrations
inside the CV. Previously suggested proton pumps in E. huxleyi include Ca®* -stimulated vacuolar V-type-
ATPase and P-type ATPase (inorganic pyrophosphate driven H* pumps) (Corstjens et al., 2001). Only one
Vacuolar H'-pyrophosphatase (P21616) showed higher expression in the Light period. Nevertheless,
transcripts of V-type ATPase and P-type ATPase were also present in the calcification phase but at roughly
% to '/5 of the densities as in the Dark period, but still reaching frequencies of approximately 1000 and 130
fpkm per gene. The observed expression patterns suggest that V-type proton ATPase and P-type proton
ATPase are mainly translated during the Dark period and maybe at a very early stage of the Light period.
However, expression levels for V-type HY ATPase and P-type H* ATPase are also considerable in the
calcification period. Vacuolar type proton ATPases were suggested to be pivotal for proton pumping in
coccolithophores and were located at the coccolith producing membrane (Corstjens et al., 2001). Mackinder
et al. (2010) discussed the possibility of a unique pumping direction of V-type proton ATPases and V-
PPases, in which case proton pumping would occur from the organelle (CV) into the cytosol. Potentially, the
considerable expression of V-type H* ATPase and P-type H* ATPase during the Light period is required to
replace molecules that are lost during coccolithophogenesis, whereas the higher expression of V-type
ATPases and P-type ATPases in the Dark period implies that the molecules are required at many locations of
the cell for transporting protons and are incorporated into cell endosomal membranes, such as those of the
ER. Further proton exchangers were also more abundant in the Dark period. The significantly expressed
Na'/H" antiporters (UniProt ID: Q39WP5 and Q30XMO9) are both considered integral components of
membranes and are involved in pH regulation (Mackinder et al., 2010). However, both genes were
significantly higher expressed in the dark, showing only very little transcripts or none in the Light period
(see Appendix A Table 6 for details). Only the proton transporting protein H'/hexose cotransporter 3
(UniProt ID: Q39525) was more highly expressed in the calcification phase and is specifically involved in
co-transporting sugar across the plasmalemma (Stadler et al., 1995). H/hexose cotransporter 3 was not

suggested to play a role in calcium carbonate precipitation in coccolithophores.
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Interestingly, the voltage gated proton channel (UniProt ID: E21J90) that was suggested to play an
important role in pH homeostasis in calcifying cells of Coccolithus pelagicus ssp braarudii, as it mediates
rapid H' efflux (Taylor et al., 2011), was not over expressed in calcifying cells of Emiliania huxleyi in the

Light period.

The intracellular calcification of coccolithophores requires constant fluxes of inorganic carbon and calcium
into the cell and the CV. A variety of potential Ca®" -transporters, such as CAX, NCKX, NCX, and SERCA-
type Ca>" -ATPases have been identified as important candidates to raise Ca>" concentrations in the CV or its
precursors (Mackinder et al., 2010). The transcriptome analysis did ascertain the significantly over
expression of SERCA type calcium-transporting ATPase 4 (JGI gene #: 251608, UniProt ID: Q9XES1) in
the calcifying period and by JGI gene #: 463095 in the Dark period. But Q9XES1 was also expressed by JGI
gene #: 429294 in the HC condition, leading to almost balanced levels of Q9XES1 expression in the HC and
LC condition (compare Appendix A, Table 7). The SERCA — type calcium-transporting ATPase was found
to have limited calcium transport capacities to provide all the necessary calcium transport. Therefore,
NCKX/NCX, Ca®"/H" exchangers, and Ca>*/Na" exchangers were suggested to provide additional calcium
flux (Mackinder et al., 2010). Transcripts of greater abundance than 25 fpkm in the light were given by a
NCKX1 (JGI gene #: 447939), a probable sodium/potassium/calcium exchanger 1 of the NCKX1-type (JGI
gene #: 354606), CAXS (JGI gene #: 416800 and 415715), and a transient receptor potential cation channel
subfamily M member (2 LTrpC-2, JGI gene #: 460292), which could help to recover the calcium fluxes

across the ER - membrane and potentially across the coccolithosome membrane.

The primary source of carbonate for the formation of calcium carbonate is bicarbonate (Nimer et al., 1997,
Paasche, 2001; Bach et al., 2012). In this study, the bulk of carbonic anhydrase was expressed in the early
G1-phase. Under low DIC conditions carbonic anhydrase was found more highly expressed (Mackinder et
al., 2011; Bach et al., 2012). However, the DIC characteristics of the cultures (concentrations of HCOs5,
CO5*, and CO,. data not shown) do not suggest that carbonic anhydrase expression was stimulated. Hence,
the CO, levels in the cultures were sufficient for efficient photosynthesis (Ross et al., 2003; Bach et al.,
2012). Richier et al. (2009) reported elevated expression of E. huxleyi carbonic anhydrase in the light in K2
medium. The location of CA is assumed in cellular organelles and the plasmalemma (Kitao et al., 2008; Soto
et al, 2006). Recent data suggested an absence of cytosolic CA in E. huxleyi (Suffrian et al., 2012; Bach et
al., 2012). Under low CO, concentration Bach et al. (2012) observed an increased expression of an anion
exchanger like protein 1 (AEL1) of the solute carrier 4 family (SLC4) with a suggested location at the

plasma membrane and induction at low CO, concentrations.
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Transcripts of AE1 like proteins (UniProt ID: QQHGM6) were more abundant in the calcification period
and JGI gene # 466232 and # 314659 significantly more highly expressed, supporting the importance of the
AEL1 in coccolithophore calcification and photosynthesis. However, another AE1 related protein (UniProt

ID: P23347) was significantly higher expressed in the LC condition.

Biomineralisation gene expression in the G1 cell-cycle phase of E. huxleyi

The differences in the gene expression profiles between the high and low calcification conditions of the
Gl-phase E. huxleyi cells became apparent at many levels of the analysis. The observed patterns of gene
expression presented here, however, were not related to sampling at different cell-cycle phases (G1, S, or
G2+M) but exclusively related to different calcification rates in dark and photosynthetically enhanced phases
of the G1-phase. Thus, the results presented here, are novel insights into the synthesis of compartments and
biological pathways in E. huxleyi and constitute that a status quo at the onset of the photosynthesis phase in a
diurnal cycle is reached, which facilitates immediately increasing calcification rates in the light phase.
Furthermore, the observed patterns show that a large proportion of the molecular machinery driving
calcification is bound to the general cell structure or cell compartments. Significantly higher gene expression
and transcript diversity was observed in non-calcifying early G1-phase E. huxleyi cells (see section 3.3.3)
compared to highly calcifying late G1-phase cells. The null hypothesis that there are no differences in gene
expression between non-calcifying early G1-phase cells and calcifying late G1-phase cell related to genes
involved in calcification processes in respect to transcript abundance and diversity, must be rejected. The
expression of many genes previously related to processes involved in calcification was found much higher in
the low calcifying early G1-phase compared to the highly calcifying late G1-phase cells. For example, all
investigated ion-transporter transcript clusters showed more transcripts in the Dark period. However, this
observation was sometimes offset by the higher expression of genes in the late G1-phase relating to the same
protein (e.g. SERCA type calcium-transporting ATPase 4, UniProt ID: Q9XES1), which could indicate
differences in gene expression triggering and control as well as that the transporter genes, which were highly
expressed in the late G1-phase period, are involved in coccolithophogenesis. On the other, this pattern may
also reflect the re-construction of molecular machinery that was separated during cytokinesis. Golgi stacks,
endoplasmic reticulum, ribosomes, mitochondria and chloroplasts are known to be equally partitioned
between daughter cells during cytokinesis (Nebenfuhr et al., 2000; Puhka et al., 2007). Following cytokinesis
the ER and Golgi membranes are synthesized, as the ribosomal-ER-Golgi cell physiological network is
pivotal for protein translation and posttranslational protein modifications. These networks ensure that at
dawn efficient photosynthetic carbon assimilation can render cell growth and accumulation of energy
reserves for passing cell division check points of the next cell division cycle (Green et al., 2002; Dodd et al.,

2005; Winjen et al., 2006b; Zachleder et al., 2016). The synchronisation gene expression and the
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environmental light - dark rhythm improves the physiological performance of photosynthetic organisms
(Green et al., 2002; Dodd et al., 2005; Winjen et al., 2006b). Hence, serving the need for maximized cell
growth and ecological prevailing. It is an energetic advantage especially for photosynthetic cells to establish
the physiological networks before the next illumination period. Because calcification and photosynthesis in
coccolithophores is tightly coupled (Balch et al., 1992), the genes relating to the physiological networks for
biomineralisation, Golgi apparatus and ER for example, and photosynthesis were all expressed in the early
Gl-phase. Therefore, the timing of the sampling can explain many biases of the expression levels observed
for molecules with known function in coccolith calcification. The model that gene expression of transporter
proteins potentially involved in coccolith production (e.g. NCKX, VCX) was increased in the early G1-phase
to complement the reduced cytoplasmic compartments of ER and Golgi apparatus after cytokinesis is
supported by elevated levels of gene expression of proteins with known involvement in either ribosomes,
mitochondria, or chloroplasts in the early G1-phase. Significantly higher expressed proteins in the early G1-
phase showed ratios of 35:39, 38:46, and 121:147 of significantly expressed in the dark versus total
significantly expressed protein for ribosomal, mitochondrial, and chloroplastic proteins, respectively. The
expression of chloroplastic, ribosomal and mitochondrial genes was found to be reduced in the G1-phase for
Cyanidioschyzon merolae. Periodicity of gene expression directly related to cell cycle phases or plastid gene
expression in the unicellular red alga Cyanidioschyzon merolae. 158 genes were only induced during the S or
G2/M-phase, of which 93 were known and contained genes related to mitochondrial division (Fujiwara et a.,
2009). Overall the observed gene expression patterns are likely following an endogenous clock set by
periodic environmental cues such as the diurnal cycle of light and dark in E. hux/eyi cultures (Wijnen and

Young, 2006; McClung, 2014).

Considerations for Emiliania huxleyi calcification models

Genes that were previously reported to be involved in E. huxleyi calcification process are not necessarily
found at higher expression rates in the photosynthesizing late G1-phase cell. In fact, the transcriptome
patterns suggest that suggest that more and less expendable proteins interact during coccolithogenesis.
Nevertheless, null-hypothesis that the general expression of genes related to calcification is not enhanced in
the high calcification period when calcification rates were found to be at a maximum, can only be partly
rejected. Future models of biomineralisation for E. hux/eyi should distinguish between proteins that are more
decisive for coccolithogenesis and such that are very relevant for general cell functioning but partly
expended in the process of coccolith production. The level at which proteins are conserved is partly due to
the membrane bound location of proteins involved in ion-transport, such as NCKX transporters, V-type
Ca®*/H* antiporter, and V-type ATPases. However, in the scenario where coccolithosomes are expelled from
the membrane of the Golgi body some of the transporters are lost in the process; hence requiring expression

in the calcification phase of E. huxleyi. The expression of proteins with a high disposal rate such as calcium
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binding proteins calmodulin, calreticulin, and calnexin was concentrated in the highly calcifying late G1-
phase. These expression patterns confirmed the importance of continuous calcium binding protein synthesis
in the calcification period to maintain coccolithophogenesis. The highly acidic and calcium binding
macromolecule, containing high levels of glutamic acid, proline and alanine, (GPA) was expressed 70 fold
higher in the sampled calcification period. Furthermore, the observations of genes uniquely expressed in the
HC and LC condition has suggested new genes with potential roles in the stabilisation of amorphous calcium
carbonate and processes of membrane fusion. However, the presence of ACC has yet not been confirmed and
the proton-coupled amino acid transporter 3 (UniProt ID: Q4V8B1) gene was not showing as high rates of
expression as the ion transporter genes in early G1-phase cells. The SNARE complex that combines the
revealed syntaxin and synaptobrevin proteins could be relevant for the fusion of vesicle membranes in the
growth of the CV. The functions and locations of the proton-coupled amino acid transporter 3 and the
SNARE related proteins within E. huxl/eyi should be further investigated to reveal or not to reveal their

involvement in processes related to calcification, ACC stabilisation, and vesicle membrane fusion.

Outlook

The results presented here are of high relevance for the design of future experiments and confirm the
great importance of Ca®" binding proteins in coccolithophogenesis. The expression patterns clearly suggest
that a large proportion of biomineralisation genes are expressed in the early G1-phase of the E. huxleyi cell
cycle; in particular those genes transcribing proteins that were required to complement the reduced size of
cell compartment as a result of cytokinesis, but which also play an important role in the process of coccolith
production. More conserved proteins involved in biomineralisation of E. huxleyi, which were found to be
highly expressed in the non-coccolith producing early G1-phase, may provide the transport rates required to
create the high calcium concentrations in coccolithosomes. The ion transport proteins expressed in the
calcification phase are mainly required to maintain the ion concentrations in the coccolithosomes and CV

and replace proteins that were lost in the process of coccolithogenesis.
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Chapter 4. The proteome of Emiliania huxleyi at

high and low calcification rates

“Cellular reality is more elaborate than the dreams of even the nucleus itself.”

(Anderson and Anderson 1998)

4.1. Introduction

Studying the proteomes of marine organisms has developed into a new and ambitious field
of marine molecular biology that aims to provide deeper understanding of the physiological
functioning of species in the marine realm (Lopez, 2007). At the organism as well as the
population level new insights gained by studying the proteome and therefore the drivers for the
organism’s physiological activity have increased our understanding of key ecological processes.
For example, a variety of quantitative expression proteomics studies have been conducted on
different marine taxa, such as on the bivalve Pinctada margaritifera (Joubert et al., 2010) —
focusing on the expression of shell matrix proteins using EST analysis of cells of the calcifying
mantle and verifying shell matrix protein presence using proteome analysis of the shell,
microalga such as the diatom Thalassiosira pseudonana - investigating the general physiology
and acclimation in response to nutrient availability (Dyhrman et al., 2012), on the bivalve
Mpytilus galloprovincialis - investigating proteomic responses to different temperature regimes
(Tomanek & Zuzow, 2010), and Emiliania huxleyi - investigating changes due to ocean
acidification and light intensity (Jones et al., 2013; McKew et al., 2013). Meta-population
studies applying proteomics identified how the utilization of nutrients and energetic flows shift
over an environmental gradient of macronutrients in the South Atlantic. A significant fraction of
the microbes showed a high presence of TonB-dependent transporters, which are proteins able
to utilize light for generating a proton motive force that increases the efficiency of ATP

synthases and ATP independent nutrient uptake (Morris et al., 2010).

The importance of biomineralisation at the organismal level for the control of optimal
physiological conditions and on an ecosystem scale for the transport of inorganic carbon was
elaborated in Chapter 1. Proteomic studies have aimed to reveal the proteins involved in
constructing the underlying molecular and cellular mechanisms involved in calcification
(Joubert et al., 2010; Tomanek et al., 2011; Jones et al., 2013). In the coral Acropora millepora
Ramos-Silva et al. (2013) confirmed the importance of skeletal organic matrix proteins
(SOMPs) and inferred on the evolutionary origin of the transcoding SOMP genes. In close
relationship with polysaccharides, SOMPs and amino acids form the organic matrix directing

and controlling precipitation of calcium carbonate in the sub-calicoblastic space (Tambutte et



132 CHAPTER 4 — THE PROTEOME OF EMILIANIA HUXLEYI
AT HIGH AND LOW CALCIFICATION RATES

al.,2011; Venn et al., 2011; Ramos-Silva et al., 2013). A total of 36 SOMPs were identified in a study of the
proteome of Acropora millepora. Interestingly the evolutionary origin of many of the identified SOMPs
pointed towards non-calcifying cnidarians and only two homologs were restricted to Scleractinia (Ramos-

Silva et al., 2013).

The number of next generation proteomics studies on coccolithophores is still limited. Jones et al. (2011)
have published pioneering work on the proteome of E. huxleyi , identifying a set of 99 proteins in the strains
NZEH (PLY# M219), CCMP1516, and CCMP371. Some of the identified proteins, such as carbonic
anhydrase, vacuolar ATPase units, and clathrin were discussed to be involved in E. huxleyi calcification
processes (Jones et al., 2011). The importance of V-type ATPases in the establishment of proton gradients and
high pH values in the CV (coccolith vesicle) promoting calcium carbonate precipitation was supported
(Corstjens et al., 2001; Mackinder et al., 2010). Also, clathrin - coated vesicle membranes contain V- ATPases
in eukaryote cells (Kirchhausen, 2000), was found by Jones et al., (2011). Hence, Jones et al. (2011)
hypothesized that clathrin may constitute the membranes of the CV or ER in coccolithophores. Clathrin -
coated vesicles were found to provide membrane trafficking pathways within Golgi networks (Lewin and

Mellman, 1998; Kirchhausen, 2000).

More recently a quantitative E. huxleyi proteome study explored differences in the proteomes at ambient and
elevated CO, concentrations (Jones et al., 2013). The study yielded 115 homologous protein groups of these,
46 could be explored in respect to their differential expression in the experimental treatments (Jones et al.,
2013). However, no proteins known or with a suggested role in coccolithogenesis were significantly affected
by ocean acidification. Only the histones H2A, H3 and H4 and a chloroplastic 30S ribosomal protein S7 were
down-regulated under elevated CO, concentrations. But trends of membrane related processes, e.g. an up-
regulation of an acyl-carrier protein, could indicate increased lipid production and increased vesicle membrane
synthesis under elevated CO,. Furthermore, an up-regulation of vacuolar membrane bound V — type proton
ATPases could indicate stronger regulation of cellular and vesicle pH in an ocean acidification scenario. The
proteome studies on Emiliania huxleyi have been proven as very challenging due to protein extract quality
issues, possibly resulting from high levels of lipid, polysaccharide or salt contamination in the protein extracts
(Jones et al., 2009; Jones et al., 2013). Furthermore, the genomic data on coccolithophores has only recently
been improved by the publication of the pan genome of Emiliania huxleyi (Read et al., 2013). The protein
identification yield for Emiliania huxleyi was improved to 500 highly abundant and confident proteins from a
total of 1835 proteins in the study of McKew et al., 2013. The protein abundance in different light incubations
was investigated and showed that proteins of the photosystem I, photosystem II, and proteins involved in
biosynthesis and oxidative stresses were more abundant in the high light treatment (McKew et al., 2013).
Calcification rates also increased by two fold in the high light treatment (1000 umol photons m™ s-"). A

detailed study of the proteome harvested from cells showing higher calcification rates indicated that V-type
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proton ATPases and the calcium-binding protein calreticulin were more abundant (supplementary data from
McKew et al., 2013). The study by McKew and colleagues (2013) greatly increased recovery yields of
proteins predicted by the E. huxleyi 1516 ‘Filtered (“best”) Models’ gene set (http://genome.jgi-
psf.org/Emihul/Emihul.home.html; Read et al., 2013). However, the number of recovered proteins from the
E. huxleyi proteomes out of a 39126 predicted by gene models (Jones et al., 2013; McKew et al., 2013, Read
et al., 2013) is still relatively small in comparison to recovery rates in Saccharomyces cerevisiae where 4300

confirmed proteins were recovered from a genome of 5,770 genes (King et al., 2006).

In this study the proteomes from E. huxleyi cells from the late G1-phase (high calcification) and early G1-
phase (low calcification) (as described in Chapter 3) are compared using a quantitative shotgun proteomic
approach similar to Jones et al. (2011), to identify proteins of the calcification period that might be involved in
the process of biomineralisation in coccolithophores. The consensus of recovered proteins and observed

transcripts is evaluated.
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4.1.1.Aims and Objectives

The proteome directly reflects the given physiological state of the cells and in the case of Emiliania huxleyi
promises to show molecules utilized in calcification processes. By investigating differences in the proteomes
of cells harvested from cultures at time points where low and high rates of calcification were previously
confirmed (see Chapter 2), proteins involved in the calcification processes were identified. Therefore, proteins
were extracted from cells harvested in the late and early G1-phase (light and dark incubation period) and a
quantitative comparison of the proteomes of E. huxleyi by means of multidimensional liquid chromatography

tandem mass spectrometry (LC/LC-MS/MS) and iTRAQ labelling was conducted.

The aims of this study were:
* to assess the proteomes of iso-genetic cultures of Emiliania huxleyi at negligible (early G1-phase) and
high rates of calcification (late G1-phase) of the cell cycle,
* to compare the proteomes at negligible and high calcification rates for differences in protein
abundance,
* to elucidate proteins potentially involved in biomineralisation, and
* to evaluate the proteome with the transcriptome (see Chapter 3 ) for matching gene expression

patterns.

4.1.2.Null hypothesis

The working hypothesises for these studies are:
* There are no differences in proteomes of the highly calcifying and low calcifying E. huxleyi cells;
* Proteins potentially involved in the process of calcification are not expressed in the calcification

period (late G1-phase).
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4.2. Material and Method
4.2.1.Experimental Design

From the same exponentially growing cultures harvested as described in Chapter 3 proteins were extracted
and subjected to proteome analysis. Six batches of 16 L cultures of E. huxleyi PLY# M217 were grown with
starting cell densities of 5000 cell mL™'. Cell harvesting was conducted when cell densities exceeded 50,000 —
100,000 cells mL™". Cells were harvested 9 hours into the light period and 10 hours into the dark period at 6:00
pm and 7:00 am using inline filtration (see Figure 3.1, Chapter 3). Samples for nutrient analysis, cell count,
cell volume, DIC, PIC, and POC were taken immediately before cell harvesting. The assessed biogeochemical
parameters were determined following the described methods in Chapter 3. Cells were collected from a 147
mm filter with sterile filtered seawater and concentrated by centrifugation for 5 min at 46000 g (Rotanta 460R,

Hettich Zentrifugen, Germany).

4.2.2 Extraction of proteins

Around 50% of the frozen cell pellet from 4.2.1 were transferred to a 50mL Falcon® tubes and ten
millilitres of 100 mM triethylammonium bicarbonate (TEAB, Sigma Aldrich, Poole, UK), 0.1% sodium
dodecyl sulphate (SDS, Sigma-Aldrich, WGK Germany) buffer were added. Probe-sonication on ice was
conducted to resuspend and break the cells by shearing forces using a VC300 Vibracell sonicator (Sonics and
Materials, USA, 20 kHz frequency, 10% duty cycle). Twenty-five, ten seconds bursts on output 3, with each
burst separated by a 30 second pause for cooling were most efficient to destroy the cells and solubilize the
proteins. The cell debris was separated from the protein extract by centrifugation (46000 g, 30min, 4°C,
Rotana 460R). The supernatant was transferred into a new 50mL Falcon tube. Four volumes of 100% Acetone
(HPLC-grade, Thermo-Fisher, Loughborough, UK) cooled to -20 °C were added and gently mixed with the
TEAB-buffer. The proteins were allowed 36 hours at -20 °C to precipitate. The precipitated proteins were
collected by centrifugation (20000 g, 30min, 4 °C). The acetone-supernatant was discarded and the protein
pellet resuspended in cold (-20°C) 80% acetone for further purification steps. After a resting time of around 5
minutes at -20 °C the protein was pelleted by centrifugation (20000 g, 30min, 4 °C). This washing procedure
with -20 °C 80% acetone was conducted twice. The final protein pellet was dried on ice in a laminar flow
environment and the protein sample re-dissolved in TEAB-buffer (100mM Triethylammonium bicarbonate
buffer 1.0 M, pH 8.5£0.1, 0.1% (w/v) SDS). The protein samples were stored at -20 °C until proteome

analysis.
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4.2.3.Protein quality assessment and troubleshooting

The thawed protein samples from 4.2.2 were resuspended by repeated cycles of vortexing and sonication at
37 °C to increase the solubility of proteins. The protein solution was centrifuged at 10000 g for 10 minutes to
pellet insoluble molecules. One-dimensional gradient SDS-polyacrylamide gel electrophoresis was performed
to assess protein quality. For SDS gel electrophoresis the samples were prepared by adding 30 uL of the
sample supernatant, 10 uL 4 x LDS-loading buffer (Invitrogen, Paisley, UK) and 2 pL of 0.5 M DTT (¢hreo-
1,4-Dimercapto-2,3-butanediol, Sigma-Aldirch, UK). Samples were heated for 10 min at 75°C for protein
denaturation before loading the gel pockets. The separation of proteins into fractions was performed on a 4-
12% gradient SDS-polyacrylamide gel (NuPAGE®, dimensions: 8.0 cm x 8.0 cm, Invitrogen, Paisley, UK) in
NuPAGE® MOPS SDS running buffer (Thermo Fisher Scientific, UK) at 200 V for 55 min. Proteins were
stained with Colloidal Coomassie Brilliant Blue 0.2% (w/v) dye (Colloidal CBB, Sigma-Aldrich, Dorset, UK)
incubation for 30 minutes. Subsequently, de-staining using 30% methanol and 2.5% glacial acetic acid was
conducted over night. The de-stained gels were imaged on a VersaDoc imaging system and the PDQuest

software (Bio- Rad, Hercules, CA, USA).

Figure 4-1:Example of results of 1D-SDS NuPage® gels illustrating the encountered issue with smearing. (1)
Protein weight ladder, (2) sample after additional ultra-sonication and acetone washing and (3) sample showing
smearing of protein material.
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Early 1D-SDS gels showed smearing and low levels of protein fractioning (Figure 4-1). Lipids, DNA,
polysaccharides, and salts were observed to alter the quality of protein samples. Nagai et al. (2008) suggested
that viscous polysaccharides cause smearing on SDS-PAGE gels produced from protein extracts of kelp
(Ecklonia kurome). Furthermore, small amounts of lipids may deform the protein-fraction-bands on a gel
(Pokhariyal et al., 2014). Therefore, the cleaning steps were varied and tested to reduce the concentration of
contaminants that caused smearing. The attempts to improve protein quality included desalting columns,
additional washes with acetone after four short one-second bursts from the sonicator to resuspend the pellet,
and stronger as well as longer centrifugation at 10000g. The additional acetone washes in combination with re-
suspending the protein pellets with short sonication bursts showed the best fractionation of proteins (compare

Figure 4-1).

4.2.4.Protein concentrations assessment

Protein sample concentrations in 100 mM TEAB-buffer were assessed prior to the LC/LC-MS/MS runs
applying a bicinchoninic acid (BCA) protein assay (Pierce Biotechnology, Rockford, USA). The working
reagent was prepared for the 96-well microplate procedure following the manufacturer’s instructions.
Standards of BSA concentrations from 0.1 mg mL™' to 1.0 mg mL™" and sample aliquots were prepared using
20 puL of samples or standards in 200 pL. of working reagent. Protein—stain was allowed to develop for 30 min
in the dark at room temperature. Plates were read at 570 nm using a Dynex plate reader and analysed with the
Revelation 3.2 software (Dynex Technologies Limited, Worthing, UK). For the iTRAQ® labelling and
subsequent tandem mass spectrometry quantification and identification of proteins the sample concentrations

were adjusted to be equal.

4.2.5.iTRAQ®- labelling

The iTRAQ" technique describes a non-gel proteomic approach simultaneously identifying and measuring
abundance levels of proteins in a mixture containing peptides from up to 8 different sample extracts (Applied
Biosystems, Foster City, U.S.A). The key is to assign the peptides to the different samples within the protein
cocktail by attaching probes — ‘tags’ - that differ in isotope composition to the N-terminus of the amino acids.
The isotopic signature of the iTRAQ" tags (reporter ions) are detected by the mass spectrometer without
interacting chemically or technically with the detection of the amino acids. By associating the relative
quantities of the reporter ions with the identified proteins the protein abundance levels in the different samples
in the mixture can be compared (Ross et al. 2004; Choe et al., 2007).

The procedure was kindly conducted by Dr. Paul Skipp, Institute for Life Sciences, and is briefly described
here (for details see Skipp et al., 2005; Jones et al., 2013). The manufacturer’s instructions (Applied
Biosystems, Foster City, U.S.A.) were followed to perform the iTRAQ"-labeling of samples. Accordingly,
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each sample containing around 100 pg protein was reduced, cysteine blocked, digested with 10 uL trypsin at
37 °C overnight, vacuum-dried for 1 hour at 45 °C, to which 30 uL iTRAQ" solution buffer were added. The
iTRAQ" labels 113 to 118 for Light and Dark period samples (three replicate samples per condition) were
attached to the N-terminus of peptides in isopropanol at pH above 7.5 within 2 hours of incubation. The
labelled samples were stored at -20 °C prior to liquid chromatography (LC) and tandem mass spectrometry

analysis.

4.2.6.Liquid chromatography mass spectrometric analysis of peptides

Dr. Paul Skipp at the Institute for Life Sciences (University of Southampton, UK) also conducted the
separation of peptides by liquid chromatography and identification by mass spectrometry as previously
described (Skipp et al., 2005). Hence, in the first step, the digested and iTRAQ® - labeled peptides were
injected onto a nano-capillary two dimensional reverse phase (2D-RP) LC system, using a Waters C18 RP, 3
um, 100 A (150 mm x 75 pm, internal diameter) column for separation of peptides based on their
hydrophobicity (Waters, Elstree, UK). The LC column reduced the complexity of the peptide-mixture and
before the separated peptides were ionized in an in-line Matrix-Assisted Laser Desorption/lonization
(MALDI) phase of the hot plume of an ablated gas plasma. The ionized molecules were accelerated to the
quadrupole time-of flight tandem mass spectrometer (Q-Tof Global Ultima, Waters, Milford, USA).
According to the mass-to-charge-ratio (m/z) of the eluting peptide the collision energy was acquired during a
survey scan at m/z 300 to 1700 switching the criteria for MS to MS/MS, the ion intensity and charge state.
The spectra of the peptides were compared to fragmentation data of the peptides in the database to identify the
proteins. During MALDI the iTRAQ®-tag is also separated from the peptide releasing a unique signal in the
mass spectrometer. A relative quantification of the number of peptides or their fragments of one sample (tag)
is achieved by comparing the number of reporter ions (tags) released in coherence with the peptide being
reported in other samples, for example between the peptide ratios of the same peptide labelled with the tags

113 and 114.

4.2.7.In silico identification of proteins

The MS/MS generated spectra of the peptides or fragments showed peaks that were compared against a
library of known mass fingerprints of amino acids and peptides within the MASCOT Distiller Software v.2.2.1
(Matrix Science, London, UK), applying a probabilistic scoring algorithm for statistical confirmation of
matches between observed and projected peptide fragments (Koenig et al., 2008). The peptide mass
fingerprinting is based on the assumption that a protein will produce a specific set of peptides when it is

digested with a site-specific protease such as trypsin, which represent a virtual set of masses to compare with
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the MS results. The matching of the experimental protein mass to the predicted masses of proteins is
conducted within the MASCOT Distiller Software referring to a large computer database containing predicted
proteins from various reference genomes. The MASCOT software compared the experimental spectra of
peptides against the predicted proteins of the Emiliania huxieyi CCMP1516 draft genome produced by the US
Department of Energy Joint Genome Institute (JGI; http://www.jgi.doe.gov, downloaded 22.2.2012, file:
“Emihul all proteins.fasta”). The reference sequences consisted of 115,995 non-redundant sequences from
all models generated by the JGI annotation pipeline. Furthermore, the experimental scans were also searched
against a taxonomically restricted database, which contained 196,774 proteins (93,921,998 residues)
constructed from all Alveolata, Cryptophyta, Haptophyceae, Rhodophyta, and Stramenopile sequences
available at UniProtKB Release 15.1 (UniProt 2008). The mass tolerance for all searches was set at 150 ppm
and fragment mass tolerance at 0.25 Da. Additional settings were carbamidomethylation set to fixed
modification, oxidation of methionine to variable modification, and the maximum missing cleavage was set to
one. Protein matches were only accepted if supported by 2 or more peptides and under the significance
threshold of p < 0.05. Non - E. huxleyi proteins from the taxonomically restricted database (TAXDB) were
defined and removed as redundant if supported by less than 2 peptides. Protein matches to TAXDB were
validated using homology in a phylogenetic context by HAQESAC (Homologue Alignment Quality,
Establishment of Subfamilies and Ancestor Construction) (Edwards et al., 2007). The automated analysis
pipeline HAQESAC generated multiple sequence alignments and phylogenetic trees of protein families.
Proteins were searched using BLAST (e < 10-4) against the previously created taxonomically restricted
protein database (TAXDB) and the < 50 closest homologues were aligned with MAFFT (Katoh and Toh,
2008). The homologues were used to construct a phylogenetic tree with 1000 bootstraps using FastTree (Price
et al., 2009). The findings of the protein identification by phylogenetic information were validated manually to
remove false positives and prefer proteins taxonomically closer to . huxleyi. The database constructing and
bioinformatic processing was conducted by Dr. Richard Edwards (former Institute for Life Sciences,

University of Southampton, UK)

4.2.8.Data processing

Redundancy and duplicate matches of proteins to the E. huxleyi JGI reference genome data and the
TAXDB were manually removed by similarities of protein identifier, sequence length and quantitative iTRAQ
data. The redundancy filtered results of the MASCOT identification and iTRAQ relative protein quantification
for matches against the Emiliania huxleyi genome and the TAXDB were combined and annotated. Functional
annotations, such as gene ontology. (GO) biological process, molecular function, cellular component, and GO
IDs were retrieved from the UniProtKB ID mapping service (http://www.uniprot.org; Huntley et al., 2015).
KOG annotations were anticipated to allow functional comparison to the transcriptome. KOG annotations

from E. huxleyi JGI reference genome annotations yielded insufficient results for any functional conclusions.
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Only 5 out of 403 total proteins had KOG annotations provided by JGI. Hence, GO annotations were the
main feature to compare functional properties in the Light and Dark condition. For the functional annotation
GO biological process only the first GO term was used to summarize the results. The entire proteome was also
searched for proteins with a potential role in calcification based on protein description and GO annotations.
The significantly expressed proteins in the Light and Dark condition were filtered and evaluated for dominant
physiological processes. Furthermore, to find consensus of the proteomics and transcriptomics data (Chapter
3) the MASCOT proteins identified by the JGI E. huxleyi reference genome were investigated for consensus
hits using the JGI gene IDs of 34403 transcripts (Chapter 3) and the UniProt IDs of transcripts using R.

4.3. Results

The experimental design was the same as described in Chapter 3 of this monograph. The same
physiological parameters such as, PIC, POC, PON, growth rates, and nutrient consumption were relevant for
the evaluation of the cell cultures. In the following section, only additional proteome related results of E.
huxleyi in the highly calcifying late G1-phase and low calcifying early G1-phase, the light and dark incubation
period, respectively, are presented. The results for cell physiological parameters, calcification, nutrient

consumption, dissolved inorganic carbon, and irradiance levels are presented in subchapter 3.3.

4.3.1.Protein yield and integrity of protein extract

The extraction of proteins using TEAB-buffer yielded protein concentrations of 2.6 to 4.2 mg ml" (see Table

4-1) sufficient for iTRAQ labelling and MS/MS based peptide sequence assessment.

Table 4-1: Protein concentrations in extracts from the collected cell pellets from experimental cultures at the late
G1-phase (highly calcifying cell, HC) and early G1-phase (low calcifying cells, LC)

Protein conc.
Culture in mg ml”
HC-1 3.1
HC-2 33
HC-3 34
LC-1 2.6
LC-2 4.2
LC-3 32
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4.3.2.Peptide identification and annotation success

The following sections describe the general and more specific protein identification and annotation success,
in respect to functional categories, significantly more relatively higher abundant proteins, and proteins

potentially involved in the biomineralisation process in E. huxleyi.

43.21. General identification and annotation success

The MASCOT-identified peptides were mapped against the E. huxleyi genome (dataset JGI) and
taxonomically restricted database (dataset TAXDB) (see section 4.2.7). In the identification pipeline a total of
496 hits to both reference databases were achieved. However, 55 of the hits to the JGI reference database did
not return a BLAST hit (e < 10™*). The remaining 441 proteins showing BLAST annotated findings recruited to
a total of 329 protein clusters (compare Table 4-2). Differences in the total yield of identified proteins
occurred in the iTRAQ experiment. Quantitative protein information was returned for 409 hits to JGI and
TAXDB reference databases in total. The iTRAQ pipeline returned a total of 403 non-redundant hits,
equivalent to 339 peptide matches, and recruiting to 287 protein clusters (for details see Table 4-2). In the

following sections the evaluation of the quantitative iTRAQ proteomics data is central for the presentation.

Table 4-2: Protein identification success in the identification pipeline and iTRAQ experiment (nr : non redundant;
JGI: matches against the JGI reference genome of 22.2.2012; TAX DB: matches against the taxonomically
restricted data base created be Dr. Richard Edwards, see Subchapter 4.2.8)

Identification pipeline iTRAQ experiment
Dataset Total No Blast | Protein | iTRAQ nr nr nr protein
peptide hits clusters | peptide | iTRAQ | protein clusters
hits removed hits peptide
hits
JGI 406 351 241 330 327 263 235
TAXDB 90 90 88 79 76 76 65
Total 496 441 329 409 403 339 287

In the HC condition 77 peptides matching to known proteins out of 90 total hits were up-regulated. Higher
abundance ratios of proteins in the LC condition were found in 26 cases, of which 23 returned protein
matches. The majority of the total hits and annotated protein showed no significantly increased relative
abundance in the HC or LC condition. This means that 26% of the identified proteins showed up or down

regulation in both experimental conditions (for details see Table 4-3).
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Table 4-3: Counts of significantly more abundant peptides in the HC and LC condition. (E.hux.G.: JGI E. huxleyi
reference genome, Sig. higher rel. abund.: significant higher relative abundant proteins based on iTRAQ peptide
ratios).

Total hits Hits with ~ Hits without =~ Hits in Hits in
UniProtID  UniProtID  E.hux.G. TaxaDB
HC 90 77 13 75 15
LC 26 23 3 19 7
Not sign. 287 239 48 233 54
Total 403 339 66 327 76
43.2.2. Functional and localisation prediction annotation of proteins

Only 5 KOG annotations were returned from the JGI reference genome mapping results. Therefore,
functional information based on gene ontology (GO) annotation was more abundantly available. The UniProt
knowledge base GO annotation is evaluated at the level of biological process and cellular component. For the

summary of the GO annotation success refer to Table 4-4.

Table 4-4: Success of gene ontology (GO) annotation of peptides in the HC and LC condition at the levels
biological process and cellular component (Sig. higher rel. abund.: significant higher relative abundant proteins
based on iTRAQ peptide ratios).

Sig. higher Gene Ontology Gene Ontology Gene Ontology
rel. abund. (GO) (biological process) (cellular component)
HC 70 60 44

LC 18 12 13

Not sign. 210 211 116

Total 298 211 173

The number of proteins attributed to the dominant biological processes based on GO annotations in the HC
and LC condition are given in Table 4-5 and Table 4-6, respectively. Proteins involved in energy turnover
processes such as photosynthesis, ATP hydrolysis glycolysis, carbohydrate metabolism, cell homeostasis,
protein transport, and metabolism were activated in the HC condition (see Table 4-5 for details). In the dark
incubation period biological processes involved in mitosis (e.g. microtubule-based process [GO:0007017],
protein polymerization [GO:0051258], nucleosome assembly [GO:0006334]), protein synthesis (e.g. protein
folding [GO:0006457], translation [GO:0006412]), amino acid synthesis (e.g. gluconeogenesis [GO:0006094],
pyruvate metabolic process [GO:0006090], carboxylic acid metabolic process [GO:0019752]), and cell wall
synthesis (terpenoid biosynthetic process [GO:0016114]) are indicated.
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Table 4-5: Significantly overrepresented peptides in the HC condition by GO: biological processes. The number of

significantly overrepresented peptides in the HC condition by Gene Ontology biological processes annotation is

presented.

Gene Ontology — biological process [GO IDs]

Number of
Peptides

Photosynthesis; light harvesting [GO:0009765]; protein-
chromophore linkage [GO:0018298]

14

ATP hydrolysis coupled proton transport [GO:0015991]; ATP
synthesis coupled proton transport [GO:0015986]

Glycolytic process [GO:0006096]

Protein folding [GO:0006457]

Carbohydrate metabolic process [GO:0005975]; glycerol-3-
phosphate catabolic process [GO:0046168]

8
5
3
3

Glucose metabolic process [GO:0006006]; glycolytic process
[GO:0006096]

\®)

ATP synthesis coupled proton transport [GO:0015986]

Cell redox homeostasis [GO:0045454]; cellular response to
oxidative stress [GO:0034599]; glycerol ether metabolic process
[GO:0006662]; oxidation-reduction process [GO:0055114]; protein
folding [GO:0006457]; protein folding [GO:0006457]; sulphate
assimilation [GO:0000103];

Photosynthesis; light harvesting [GO:0009765]

Protein transport [GO:0015031]; small GTPase mediated signal
transduction [GO:0007264]

—

Mitochondrial respiratory chain complex I1I assembly
[GO:0034551]

—

Carbohydrate metabolic process [GO:0005975]

Oxygen transport [GO:0015671]

Sulphate assimilation [GO:0000103]

One-carbon metabolic process [GO:0006730]

Glucose metabolic process [GO:0006006]

ATP hydrolysis coupled proton transport [GO:0015991]

Ubiquitin-dependent protein catabolic process [GO:0006511]

Gluconeogenesis [GO:0006094]; glycolytic process [GO:0006096]

Protein import [GO:0017038]; protein targeting [GO:0006605]

Arginyl-tRNA aminoacylation [GO:0006420]

[Uay (VR NI (NURIN NSNS JUSIS RN VRN U U

ATP hydrolysis coupled proton transport [GO:0015991]; ATP
metabolic process [GO:0046034]

—

Pyridoxal phosphate biosynthetic process [GO:0042823]; vitamin
B6 biosynthetic process [GO:0042819]

Translation [GO:0006412]

Cell redox homeostasis [GO:0045454]; glutathione metabolic
process [GO:0006749]

Peptidyl-pyrromethane cofactor linkage [GO:0018160]; tetrapyrrole
biosynthetic process [GO:0033014]

Protein folding [GO:0006457]; response to stress [GO:0006950]

Reductive pentose-phosphate cycle [GO:0019253]

Photosynthetic electron transport in photosystem II [GO:0009772];
Protein-chromophore linkage [GO:0018298]

Carotenoid biosynthetic process [GO:0016117]
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Table 4-6: Significantly overrepresented peptides in the LC condition by GO: biological processes. The number of
significantly overrepresented peptides in the LC condition by Gene Ontology biological processes annotation is
presented.

Gene Ontology — biological process [GO IDs] Number of Peptides
Microtubule-based process [GO:0007017]; protein
polymerization [GO:0051258]

Nucleosome assembly [GO:0006334]

Protein folding [GO:0006457]

Translation [GO:0006412]

Transmembrane transport [GO:0055085]

Protein catabolic process [GO:0030163]
Gluconeogenesis [GO:0006094]; pyruvate metabolic
process [GO:0006090] 1
Terpenoid biosynthetic process [GO:0016114] 1
Carboxylic acid metabolic process [GO:0019752] 1

—t = = = (N[ W

In general, the majority of up regulated proteins in highly calcifying cells were tagged to the chloroplast
[GO:0009507] (n = 21). Fewer proteins related to the cytoplasm [GO:0005737] (n = 3), Golgi apparatus
[GO:0005794] (n = 1), membrane [GO:0016020] (n = 1), mitochondrion [GO:0005739] (n = 1), and
nucleosome [GO:0000786] (n = 1) were also identified (see Table 4-6). Interestingly, two proteins related to
proton-transporting V-type ATPases [GO:0033179 and GO:003318] were identified in highly calcifying cells.
For more details of gene ontology cellular component annotation in the HC condition refer to Table 4-7. In the
dark incubation period (LC condition) the largest cohort of proteins recruited to the nucleosome
[GO:0000786] (n = 6), mitosis in the form of microtubule [GO:0005874] (n = 2), Cytoplasm [GO:0005737] (n

= 2). For further details of gene ontology cellular component annotation in the LC condition refer to Table 4-8.
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Table 4-7: Significantly overrepresented peptides in the light incubation period by GO: cellular component. The
number of significantly overrepresented peptides in the HC condition by Gene Ontology: cellular component
annotation is presented.

Number
Gene Ontology — cellular component [GO IDs] LIGHT of
Peptides

Chloroplast [GO:0009507]; integral component of membrane
[GO:0016021]; photosystem II [GO:0009523] 14
Proton-transporting ATP synthase complex, catalytic core F(1)
[GO:0045261] 6
Chloroplast thylakoid membrane [GO:0009535]; proton-
transporting ATP synthase complex, catalytic core F(1)
[GO:0045261]
Glycerol-3-phosphate dehydrogenase complex [GO:0009331]
Cytoplasm [GO:0005737]
Cell [GO:0005623]
Chloroplast [GO:0009507]
Chloroplast [GO:0009507]; integral component of membrane
[GO:0016021]; photosystem II [GO:0009523]; thylakoid
membrane [G0O:0042651] 1
Chloroplast stroma [GO:0009570]; chloroplast thylakoid
membrane [GO:0009535] 1
Chloroplast thylakoid membrane [GO:0009535]; integral
component of membrane [GO:0016021]; light-harvesting
complex [GO:0030076]; photosystem II [GO:0009523] 1
Clathrin coat of coated pit [GO:0030132]; clathrin coat of
trans-Golgi network vesicle [GO:0030130] 1
Cytoplasm [GO:0005737]; nucleus [GO:0005634]; proteasome
core complex, alpha-subunit complex [GO:0019773] 1
Golgi apparatus [GO:0005794] 1
Membrane [GO:0016020] 1
Mitochondrion [GO:0005739] 1
1
1
1

—_ = N[

Nucleosome [GO:0000786]; nucleus [GO:0005634]
Phosphopyruvate hydratase complex [GO:0000015]
Plasma membrane [GO:0005886]

Proton-transporting V-type ATPase, VO domain, across
membrane transport [G0:0033179] 1
Proton-transporting V-type ATPase, V1 domain, across
membrane transport [GO:0033180] 1
Ribosome [GO:0005840] 1
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Table 4-8: Significantly overrepresented peptides in the dark incubation period by GO: cellular component. The
number of significantly overrepresented peptides in the LC condition by Gene Ontology: cellular component
annotation is presented.

Number
Gene Ontology — cellular component [GO IDs] DARK of

Peptides
Nucleosome [GO:0000786]; nucleus [GO:0005634] 6
Microtubule [GO:0005874] 2
Cytoplasm [GO:0005737] 1
Cytoplasm [G0O:0005737]; microtubule [GO:0005874] 1
Integral component of membrane [GO:0016021] 1
Nucleus [GO:0005634] 1
Small ribosomal subunit [GO:0015935] 1

The gene ontology tables considering all protein hits can be found in Appendix B Table 2 and Table 3.

43.23.  Significantly expressed proteins in the highly and low calcifying E. huxleyi

cells

The quantitative proteomics experiment using iTRAQ showed that 110 peptides with known UniProt IDs
showed significant higher relative abundance in highly calcifying E. huxleyi cells and cells calcifying at low
rates (see Table 4-3 and Table 4-9). Protein function and gene ontology frequencies show a similar general
trend that distinct functional protein groups were up-regulation in either the light or dark incubation period
(Section 4.3.2.2.). Proteins involved in photosynthesis and ATP synthesis were up regulated in the HC
condition. Proteins suggested to be involved in the calcification process, namely clathrin (Dark:Light = 0.664;
UniProt ID: CIE1W7; JGI407983) and subunits of V-type proton ATPases (e.g. UniProt ID: D8TKKOY,
JGI43077; Dark:Light = 0.813) were more abundant in the HC condition. In E. hux/eyi cells calcifying at

lowest rates, if at all, histones and tubulins were significantly upregulated.
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AT HIGH AND LOW CALCIFICATION RATES

43.24. Proteins of interest involved in biomineralisation in highly

calcifying and low calcifying E. huxleyi cells

The abundance ratios for all identified proteins can be found in Appendix B Table 1. The
entire population of identified proteins was investigated for proteins involved in
biomineralisation at the gene ontology level and by protein name. The results show that four
proteins potentially involved in E. huxleyi biomineralisation were relatively more abundant in
calcifying cells of the late G1 cell cycle phase (see Table 4-10 and Table 4-11). The peptides
related to biomineralisation matched three proton V-ATPases and one clathrin (see section
4.3.2.3). Gene ontology suggested three proteins involved in the calcification process, whereas
two are predicted and uncharacterized. Furthermore, a putative alpha-actinin-1 and oxygen
evolving enhancer 1 (JGI265795, UniProt ID: Q8L878; Dark: Light = 0.944) was suggested by
gene ontology to play a role in calcification. In cells showing low rates of calcification (LC
condition) (JGI271455, UniProt ID: FOYFV2; LC: HC = 1.1170) was indicated to be involved
in calcification trusting GO annotations. However, WolfsPSort (Horton et al., 2007) predicts the

location of the uncharacterised protein in the chloroplast.
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43.25. Consensus of transcriptome and proteome

To find consensus of the proteomics and transcriptomics data (Chapter 3) the MASCOT
peptides identified by the JGI E. huxleyi reference genome and TAXDB were compared as
described in section 4.2.8. Out of 496 protein hits only 51 were found to show a consensus
transcript based on the JGI gene ID. A total of 20 matches based on protein identifies (UniProt
ID) were found in the proteome and transcriptome. After removing duplicates in the combined
results based on JGI gene ID 35 matches remained, of which 31 had relative expression /
abundance data. Of those 31 matches 12 showed the same direction towards the HC or LC
condition, whereas only 2 showed higher abundance in cells with low calcification rates. The
expression direction was found significantly different only in one case; the chloroplastic
fucoxanthin-ch/ a-c binding protein (JGI ID: 269056; UniProt ID: Q39709) was more abundant
in the HC condition. The protein matches in the proteome and transcriptome are presented in
Table 4-12. None of the proteins match by the proteome against the transcriptome appears to be

involved in biomineralisation.
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4.4. Discussion

To date five studies were investigating the proteome of the globally important marine
calcifying coccolithophore Emiliania huxleyi. Pioneering work on the E. huxleyi proteome by
Jones et al. (2011) identified 99 proteins operating from a variety of physiological pathways
applying a similar protocol for protein extraction and identification. Protein identification was
improved to 115 (Jones et al., 2013) by studying different £. huxleyi strains and the proteome
response to elevated CO, conditions. In response to different light regimes 500 highly abundant
and confident proteins were identified (McKew et al., 2013). Furthermore, Rose et al. (2014)
explored microdomains in the host virus interaction of Emiliania huxleyi virus infections using
shotgun proteomics and observed proteins specifically associated with cellular stress, host
defence, programmed cell death and immunity pathways. Alcolombri et al. (2015) were
interested identifying the genetic origin of the enzymes for responsible forming dimethyl
sulphide (DMS) from dimethylsulfoniopropionate (DMSP) in Emiliania huxleyi. DMS is an
important signal in marine food webs and can influence local weather by affecting cloud
formation. Shotgun proteomics and transcriptomics were combined and identified the Almal

gene in E. huxleyi, which yielded high DMSP-lyase activity.

In this study, the quantitative proteome characteristics of the unicellular coccolithophore E.
huxleyi PLY# M217 at high and low calcification rates of the G1-phase of the cell cycle were
investigated to determine abundance patterns of protein potentially involved in
biomineralisation. The proteome study also sought to find consensus with the transcriptome

(Chapter 3).

A total of 403 different peptides were identified during the iTRAQ experiment. Of those 339
were matching known non-redundant proteins in the UniProt database. The proteins comprised
of 287 protein clusters, which represent a significant improvement in protein identification yield
in comparison to Jones et al., 2013. The results showed that the proteomes of the late G1-phase
(high calcification) and early G1-phase (low calcification) showed significant differences in
relative protein abundance; however, only five proteins involved in calcification processes were
identified and quantified. Both null-hypotheses that there are no differences in proteomes of the
highly calcifying and low calcifying E. huxleyi cells and proteins potentially involved in the
process of calcification are not expressed in the calcification period (late G1-phase) must be
rejected. Significant up-regulation of calcification related proteins was accounted for three
proteins of clathrin and V-type proton ATPases in the calcification phase. The V-type ATPases

were suggested for proton pumping at the coccolith producing membrane (Corstjens et al.,
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2001) to establish a flux of protons into the cytosol to establish high pH conditions in the CV
(Mackinder et al., 2010). Furthermore, the identified clathrin (UniProt ID: CIE1W7;
JGI407983) is known to play a role in vesicle trafficking protein of trans-Golgi vesicle transport
(Kirchhausen, 2000) and occurs together with clathrin-coated vesicles (Forgac, 2000). Jones et
al. (2011) suggested an importance of clathrin in the biomineralisation process because it occurs
together with V-type ATPase proton transporter in clathrin-coated vesicles (Forgac, 2000).
Furthermore, clathrin was abundant in the proteome of the silica-precipitating diatom 7.
pseudonana (Nunn et al., 2009). Hence, vesicle mediated transport of minerals from the Golgi
network and V-type ATPase forced alkanilisation could be a more general model for
biomineralisation if it is active in diatoms and coccolithophores alike. Furthermore, clathrin was
found in higher abundance in phosphate starved cultures of the brown alga Aureococcus
anophagefferens, which could suggest that clathrin coated vesicles may act in nutrient
scavenging from the environment (Wurch et al., 2011). The growth of the experimental £.
huxleyi cultures and observed nutrient concentrations, as documented in Chapter 3, did not
imply nutrient limitation. Therefore, an expression of clathrin in response to nutrient limitation
is not suggested and the bulk expression of clathrin is most likely related to clathrin-coated

vesicle construction.

Further exploration of the proteome using the keyword “calcification” in GO annotations
revealed additional proteins. Any role of these proteins selected by their gene ontology
annotation in coccolithogenesis has not been previously suggested. The a— actinin (JGI40884,
DONLH6) has a known affection for Ca®” — ions and has an important role in cytogenesis and
muscle function (Jayadev et al., 2014). The abundance ratio between the cell of the early and
late G1-phase showed no significant difference and so a role for o— actinin in the
biomineralisation processes could not be inferred. The oxygen evolving enhancer 1 (JGI265795,
UniProt ID: Q8L878, protein name: psbO) is part of a complex, comprised of a cluster of
manganese, calcium and chloride ions binding extrinsic proteins (Bricker et al., 2012), which
catalyse the splitting of water to O,and 4 H' (GO functional annotations, source
www.uniprot.org; Huntley et al., 2015). The location of psbhO is at the thylakoid membrane
facing the thylakoid lumen (Ferreira et al., 2004). The binding of calcium ions within the
oxygen-evolving centre is fundamental for the mechanism of water oxidation (Siegbahn, 2002).
Therefore, it can be concluded that Q8L878 plays no role in biomineralisation and is closely

involved in photosynthetic processes.

In contrast to Jones (2010) Histone 4 (H4) and other histones were up regulated at low

calcification rates. Histone 4 was down regulated in E. huxleyi PLY# M219 under high pCO,
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levels (Jones, 2013). However, both observations are not in disagreement if under elevated CO,
the cell cycle and culture growth rates are slowed and the cells undergo mitosis less frequently.
Histone 4 is a structural component of the nucleosome and is a methyl donor involved in
transcription and translational processes (Chiang et al., 1996). Therefore, E. huxleyi cells could
require less newly synthesized histones for nucleosome construction under high CO; (Jones,

2013).

Heat shock proteins play an important role in the proteome response to environmental
stressors, immune response, and cell signalling (Pockley, 2003; Wang et al., 2004). Here, heat
shock proteins are discussed because in previous proteome studies of E. huxleyi heat shock
proteins were observed (Jones et al., 2011; Jones et al., 2013, McKew et al., 2013) and nutrient
depletion stress can be inferred from their expression values, whereas higher expression of HSP
70 was found in phosphate limited cultures (Wahlund et al., 2004b). Heat shock protein (HSP)
expression responded when E. huxleyi cells were exposed to higher light intensities (McKew et
al., 2013). An elevation in HSP expression was also observed in the light incubation period in
this study, as 3 out of 10 observed HSPs were significantly upregulated in the HC condition.
Periodic expression patterns of HSPs in E. huxleyi have not been reported before. Human HSPs
expression was regulated and variable during the cell cycle, whereas a 10-to15-fold expression
increase of HSP 70 mRNA was found upon entry into S-phase; levels of HSP 70 expression
decreased by the late S and G2 phase (Milarski & Morimoto, 1986). Therefore, the observed
higher presence of heat shock proteins in the late G1-phase could be a result of the chosen
sampling times. The E. huxleyi cultures in this experiment were harvested in the late G1 and
early G1 phase, and the observed abundance of HSP could reflect the relative heat shock protein
abundance at these cell cycle phases. Furthermore, heat shock proteins are also involved in non-
stress related protein folding and housekeeping processes (Picard, 2002). The very balanced
expression of 8 peptides matching HSPs in the late and early G1-phase supports the
housekeeping function of HSP in E. huxleyi (see Appendix A Table 11). The maturation of
specific protein complexes also requires the presence of HSPs. For example, during the
insertion of the precursor of the major light-harvesting complex of photosystem II into the
thylakoid chloroplastic HSP 70 was found to play a key role (Yalosky et al, 1992). Because
photosynthesis-related proteins were most abundant in the Light condition it can be speculated
that a bulk of the expressed heat shock proteins was involved in protein folding processes of
photosynthesis related proteins. However, with the available data the dominant cause of higher
HSP expression in the late G1-phase remains unclear. It would require additional sampling
points throughout the cell cycle to improve the understanding of HSP expression in the cell

cycle of E. huxleyi, which was not the objective of this study.
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The observed overexpression of proteins related to pathways such as photosynthesis,
glycolysis, vesicle transport, and cell repair in the Light period was conclusive. The majority of
the identified proteins in the HC condition were associated with the chloroplast and inner cell
membranes, and for a minority of proteins a function in cytoplasm or the Golgi-network was
suggested. Considering that a large proportion of the biomineralisation proteins would be active
within endomembranes (e.g. V-type proton ATPases), finding only four proteins potentially
involved in biomineralisation could indicate insufficient extraction of proteins, issues with salt
contamination of the sample, or insufficient dynamic range of the mass spectrometer.
Previously, protein extraction of E. huxleyi using TEAB buffer and subsequent proteome
analysis revealed a maximum of 115 homologous protein groups when searched against JGI E.
huxleyi genome, the taxonomically restricted UniProt KB database, and an EST database were
combined. Of those 115 homologues protein groups 46 showed differential expression using
iTRAQ (Jones et al., 2013). This study, using only JGI E. huxleyi genome (version from
22.2.2012) and the taxonomically restricted database showed 105 homologous proteins with 35
homologous proteins being differentially expressed. However, the JGI-genome search by Jones
et al. (2013) yielded only 40 hits compared to 327 proteins (287 protein clusters) in this study,
using the same version of the reference genome. Previously, limitations in the protein extraction
using TEAB buffer were discussed (Jones, 2011); because of low protein recovery rates and
observed smearing in gel electrophoresis. In this study an optimized protocol to achieve a 4
times faster cell harvesting time in comparison to Jones et al. (2011) was implemented, which
might explain higher rates of protein matches and identification. However, E. huxleyi TEAB
buffer protein extraction appears to alter protein recovery when compared with SDS/TRIS-
buffer (Qiagen) extraction (McKew et al., 2013). The SDS/TRIS-buffer would allow for
simultaneous extraction of DNA, RNA, and proteins and appears to improve the protein
extraction greatly. McKew and colleagues identified 1835 proteins and 500 with high
confidence against the newly published JGI E. huxl/eyi genome using label free protein
quantification (McKew et al., 2013; Read et al., 2013). The iTRAQ — technique is not
compatible with reagents containing primary amines and the RLT Buffer was not considered as
a suitable extraction buffer for the iTRAQ experiment, as not recommended by the iTRAQ
manufacturer (Applied Biosystems, Foster City, U.S.A). Furthermore, the matrix-assisted laser
desorption ionization technique produced higher noise to sample ratios if salty elutes are
utilized (Yates et al., 2009). Salt were removed from the protein sample using desalination
column. However, non-covalently binding salt in the protein sample could have carried salts
over to the matrix-assisted laser desorption ionization and mass spectrometric analysis. The
utilized LC/LC-MS/MS (MALDI QqTOF, Global Ultima 2, Waters) has a lower dynamic rate,

lower protein discovery rates, and mass accuracy than an Orbitrap mass spectrometer (Yates et
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al., 2009). A hybrid high-resolution LTQ/Orbitrap Velos instrument (Thermo Scientific) was
used by McKew et al., 2009, which may explain the higher protein discovery rates in the
McKew study.

To exclude the possibility that the different protein discovery rates relate to the different
versions of the reference genome, MS/MS data were matched against the newly published JGI
E. huxleyi gene set (JGI; http://www.jgi.doe.gov, downloaded 15.6.2015, file:

“Emihul best proteins.fasta”). Preliminary results suggested that the more recent reference
genome yielded 507 genome hits (see Appendix B Table 4), which is only around 28% of the
identification success achieved by McKew et al. (2013) but an improvement of 25 % more
identification compared with the older version of the reference genome. Therefore, using the
newly annotated E. huxleyi genome improves the yield of protein identification but may only
explain the differences in protein identification success between this study and McKew et al.
(2013) to some degree. Preliminary evaluation suggests that the yield of peptide identification
on the data presented in this study could be further improved by employing the BUDAPEST
pipeline (Bioinformatics Utility for Data Analysis of Proteomics using ESTs provided by Dr.
Richard Edwards and referenced in Jones et al., 2011; Jones et al., 2013) using an extended set
of reference genome databases. The extended in silico identification suggests 1372 peptide
matches (data not presented in this thesis). The identified 1372 proteins from searches against
the JGI genome, taxonomically restricted databases, metatranscriptomic databases, E. huxleyi
EST databases, and non-redundant protein sequences (Uniprot database) are believed to contain
redundancies that were not removed at the time of writing. Preliminary, results suggest that 350
homologous protein groups were identified, which would improve the protein clustering by 12
%. Clustering the protein matches from the matches against the JGI and TAXDB references
returned 287 protein clusters. Potentially, extended sequence database searches and
improvement of the protein extraction protocol, or a label free MS/MS protein quantification
approach could further improve yield of the E. huxleyi proteome. In the future, modifications of
protein extract preparation, selection of lysis-buffer, and the utilized MS protein identification
and quantification technology (e.g. Orbitrap) should be considered to achieve greater proteome

coverage and reveal additional proteins relevant to biomineralisation in E. huxleyi.

Consensus of transcriptome and proteome

The transcriptome and proteome of Emiliania huxleyi were evaluated with a focus on genes
significantly overexpressed and potentially involved in biomineralisation. Based on the protein

ID, a total of 35 genes were represented in both the transcriptome and proteome reflecting a 7 %
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success in identifying matches of proteins and transcript. Frith et al. (2005) note that translation
of only 5-10 % of mRNA occurs. Unfortunately, none of the matched genes in the
transcriptome and proteome indicated proteins potentially involved in calcification. The
indicated low rate of finding matches based on the JGI gene identifier (genetic sequence) could
imply high levels of post-translational modification. The annotated transcripts presented in
Chapter 3 of this monograph were related to the EuKaryotic Orthologous group class (KOG-
class) posttranslational modification, protein turnover chaperones in both cell showing high
rates of calcification and low rates of calcification, HC and LC condition, respectively. In the
Haptophyta Prymnesium parvum most of the discovered transcripts also belonged to the KOG-
class posttranslational modification, protein turnover chaperones (Claire, 2006). Therefore,
higher rates of posttranslational modifications could indicate a more general characteristic of
Haptophyta. However, it must be noted that the protein sequences were not directly matched
against the transcripts of the Illumina experiment described in Chapter 3. Here, the consensus
finding was based solely on gene identifier (JGI ID) and protein identifier (UniProt ID). A

sequence based matching of proteome and transcriptome data is future work.

A closer investigation of matching transcripts and proteins potentially involved in calcification
in E. huxelyi based on the protein function showed that V-type proton ATPases and clathrin
were represented in the transcriptomes and proteomes of the HC and LC condition. Vacuolar
proton ATPases and clathrin were previously observed in the proteome of E. huxleyi (Jones et
al., 2011; Jones et al., 2013). Transcripts and peptides matching V-type proton ATPase were
more present in the calcification phase. The proteomes showed an increased relative abundance
of clathrin in the calcification phase. However, the same gene or protein for clathrin was not
matched in the transcriptome and proteome. Furthermore, clathrin transcripts were less
abundant in the HC condition, 355 fpkm compared to 471 fpkm transcripts in the LC conditon.
In the case of clathrin protein and transcript abundance patterns in the HC and LC condition did
not agree. The high presence of clathrin would support the model of Golgi-derived vesicle
mediated growth of the coccolithosome (Jones et al., 2011). The transcriptome showed further
transcripts with high abundance in the calcification phase relating to the vesicle coating
complexes COP I and COP II (e.g. JGI ID: 432215, 57758). The COPI involve clathrin to
transport molecules between the Golgi and the endoplasmic reticulum (McMahon and Mills,
2004). The cell division cell cycle homolog 48 was observed by Jones (2010) in the proteomes
of E. huxleyi and suggested that it could be operating in vesicular transport from the transitional
ER to the Golgi. Cell cycle homolog 48 was also observed in the proteomes of the HC and LC

condition, the late and early G1-phase of the cell cycle. The transcriptome showed 68 transcripts
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transcribing for 51 different proteins that are involved in vesicle transport (data not presented in
this thesis). The majority of the transcripts related to proteins such as clathrin, vesicle complex
COP I and COP II, and alpha SNAP, a protein required for vesicle fusion. Vesicle transport is
important for coccolithogenesis and it appears that many proteins may be present in E. huxleyi,
which could be involved in vesicle formation, vesicular transport, vesicle fusion, and
coccolithosome merging. However, clathrin and other vesicle transport associated vesicle play a

role in numerous cellular processes.

Conclusions and outlook

This study presents the first results of proteomes of Emiliania huxleyi at different calcification
rates during the G1-phase of the cell cycle. Relative protein quantification shows clear
differences between the highly calcifying and the poorly calcifying phase. Photosynthesis and
calcification related proteins were present in the calcification phase. V-type proton ATPase
proteins and the calcium binding proteins clathrin relevant for biomineralisation were identified
in the calcification phase. The number of matches of proteins and transcripts was low; however
within the range of the suggested 5-10 % of transcripts being translated to proteins (Frith, et al.,
2005). Transcripts in the cells were represented by 7 % of the identified proteins. The direction
of transcript and protein abundance agreed in 34 % of the cases. Albeit the yield of protein
identification using TEAB-buffer for protein extraction was improved compare to previous
studies (Jones et al., 2011; Jones et al., 2013), the observed proteome is likely to present only a
fraction of the actual proteome of Emiliania huxleyi. Future work should address matching the
peptide information directly to the observed transcriptome and aim to apply the most state of the
art mass spectrometry proteomics technique for protein identification. The utilization of the
Orbitrap technology would greatly improve the protein discovery. Furthermore, label-free
quantification methods may provide a more elaborate choice of protein extraction buffer to
increase the knowledge of diurnal proteomes in coccolithophores. These initial novel results of
diurnal proteome characteristics in £. huxleyi should encourage to conduct further experiments
to extend the knowledge of cell cycle proteomes using additional sampling time-points and

improved protein extraction, identification, and quantification protocols.
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Chapter 5.  Synopsis and General Discussion

Project summary:

Identifying how marine organisms respond to changes in their environment at the
physiological level is fundamental to understand processes in nature, the ecology of organisms,
and their interactions at larger environmental scales. The motivation for this study was to
investigate the calcification processes of the coccolithophore Emiliania huxleyi because of its
importance for global biogeochemical cycles and to increase the understanding of the
fundamental molecular processes driving calcification in the species and in broader
phytoplankton communities. The high abundance and global distribution and the significant
contribution of coccolithophores to the global carbon cycle have brought them to the focus of
scientific endeavours. In recent decades the potential susceptibility of the carbon pumping by
coccolithophores’ photosynthesis and calcification due to ocean acidification was addressed by
many studies (e.g. Riebesell et al., 2000; Reynaud et al., 2003; Langer et al., 2006; Orr et al.,
2005; Fabry, 2008; Jones et al., 2013). Because biomineralisation in Emiliania huxleyi occurs
internally and cells rarely exceed 5 nm in diameter it has been difficult to study the biology of
coccolithogenesis. Molecular tools have already proven successful in improving our
understanding of biomineralisation in Emiliania huxleyi (e.g. Wahlund et al., 2004a; Nguyen et
al., 2005; van Dassow et al., 2009; Jones et al., 2011; McKew et al., 2013) and the response to
ocean acidification (Richier et al., 2011; Lohbeck et al., 2012; Bach et al., 2013; Jones et al.,
2013).

To better understand the fundamental processes driving calcification, unaltered
biomineralisation properties throughout the cell cycle were investigates by assessing
physiological parameters and a novel combination of whole cell transcriptome and proteome
analysis. First, the cell-cycle phases, calcification rates and rates of photosynthesis in Emiliania
huxleyi PLY# M217 were studied over a 24-hour period using flow cytometry and stable carbon
isotope incorporation to resolve appropriate sampling time points at high and low calcification
rates for whole cell transcriptome and whole cell proteome sampling. The cell-cyclic analysis of
DNA content per cell allowed for the separation of the G1-phase from a combined S+G2/M-
phase. The patterns of carbon assimilation showed a clear pattern of maximum calcification
occurring at 9 hours into the photosynthetic light period when coccolith production was found
to reach 1.6 per hour. At 9 hours into the dark phase calcification rates of 19 % of the maximum
calcification rates in the light were observed (see chapter 2). According to the analysis of cell

population growth and DNA content analysis cells were found to be G1-phase of the cell cycle
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at both sampling times. Dark calcifications rates of 10-15 % were reported in previous studies
(Paasche, 1966; Balch et al., 1992; Nimer an Merrett, 1992; Paasche and Brubak, 1994; Sekino
and Shiraiwa, 1994, 1996). The energy driving the dark calcification was suggested to derive
from mitochondrial respiration (Sekino and Shiraiwa, 1996). Calcification is significantly

enhanced in photosynthesizing cells (Paasche, 2002).

The transcriptome and proteome of Emiliania huxleyi were evaluated with a focus on genes
potentially involved in biomineralisation, which showed significant differential expression
between low and high calcification states of the G1 cell-cycle phase. Three general approaches
were undertaken to explore differential expression relevant to the calcification process in the
two conditions at transcriptome and proteome level: a) using functional KOG-class (euKaryotic
Orthologous groups) annotation groups or GO (gene ontology) groups to retrieve general
expression patterns, b) using a graphical approach to mine for clusters of significant differences
in higher abundant transcripts of biomineralisation genes in each KOG-class, and c) exploring
the differential expression of known biomineralisation relevant genes at peptide and transcript
level. The results have been discussed in respect to calcification physiology in coccolithophores
using the exclusive transcriptome and proteome data and the consensus of transcriptome and
proteome. Here methodological considerations are discussed and the results are put into a larger
context of coccolithophore biology, cell cycle regulated gene expression in Emiliania huxleyi,

and future research implications.

Evaluation of transcriptome analysis approach

The transcripts from the Illumina experiment described in Chapter 3 were matched against the
older JGI Emiliania huxleyi genome version from 23.8.2012 using the Tophat — cufflink
package (Trapnell et al., 2012). Subsequent to this work, a new version of the E. hux genome
has been released and, in future work, the transcripts could be matched against the most recent
version of the E. huxleyi genome (Read et al., 2013) to improve transcript annotations.
Furthermore, it should be thoroughly researched beforehand what features the transcriptome
analysis packages have and what kind of difficulties users have experienced. There are many
publically available molecular expression data analysis tools available through
www.bioconductor.org (Huber et al., 2014). A good choice of the analytical software package
should consider subsequent analysis. In this study it was difficult to apply the data from the
cufflinks output to other analysis tools due to compatibility issues that could not be resolved. An
enrichment analysis functional GO annotation using, for example the topGo R script (Alexa &

Rahnenfuhrer, 2010), was difficult to apply to the cufflinks output. Therefore, the analysis was
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based on a basic summary of KOG annotations. A functional or pathway analysis might reveal
insights into activated physiological pathways and interacting components. A combined RNA
and protein extraction protocol such as the AllPrep DNA/ RNA/Protein Mini Kit (Qiagen) may

have improved the overall quality of the proteome and transcriptome assessment.

Evaluation of cell harvesting, RNA, and protein extraction approach

RNA and proteins are vulnerable to degrading. The rapid sampling of live cells and RNA
extraction was pivotal for obtaining high quality data. Previous proteomics studies on E. huxleyi
at the National Oceanography Centre, Southampton in collaboration with the Institute for Life
Sciences, University of Southampton showed poorer yields in protein quality, whereas the
assessed proteomes were thought to represent only a part of the actual proteome of E. huxleyi.
Therefore, it was anticipated to accelerate the cell harvesting process and protein extraction. The
MASCOT software successfully fingerprinted Mass spectra of 409 different peptides. The
peptides were successfully matched to 287 different proteins, which is an increase in the
Emiliania huxleyi protein identification yield in an iTRAQ experiment of 250 % compared to
Jones et al. (2013). The accelerated cell harvesting method and the resulting shorter period until
snap freezing may have caused less protein degradation. The cell harvesting method described
in Chapter 3 took 25 to 30 minutes compared to 2 hours in previous studies (Jones et al. 2011;
Jones et al., 2013). Additional acetone wash steps as described in Chapter 3 may have further
improved the protein sample quality. The proteome discovery rate would be greatly improved

using a more advanced mass spectrometry system, such as the Orbitrab®.

Evaluation of proteome analysis approach

The quantitative proteomics approach for Emiliania huxleyi using isobaric tags (iTRAQ) has
been previously established at the Institute for Life Sciences, University of Southampton. The
iTRAQ method returns relative peptide abundance ratios between samples per peptide, from
which relative protein abundance between conditions can be concluded. The relative abundance
lacks information of absolute protein abundance in the cell. Information on absolute or relative
to the absolute proteome peptide abundance would be important to understand the kinetics of
biomineralisation in E. huxleyi. For example, it was estimated that 250,000 SERCA-type Ca*"
ATPase molecules would be required to provide the Ca>" transport for one-hour’s coccolith
production (Mackinder et al., 2011). However, the Ca”" transport by SERCA type Ca>" ATPase
cannot be achieved alone and other Ca>"/H" exchanger were suggested at other locations,
preferably the endoplasmic reticulum, to achieve the transport kinetics. A more accurate

quantification of protein abundance and diversity and compartmental location in E. huxleyi
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would be pivotal to better understand the ion transport kinetics. The technical implementation of
truly quantitative proteomics remains challenging. Improved MS/MS proteomics techniques
(e.g. Orbitrap®) are now available, which apply a combination of iTRAQ and unlabelled
proteomics techniques (SWATH-MS) (Basak et al., 2015) or novel isobaric-labelled techniques
using internal heavily labelled standards (Curran et al., 2015). Furthermore, peptide sequences
should be matched directly to the transcript sequences and subsequently matched to the most
recent E. huxleyi reference consensus analysis of proteome and transcriptome. The combination
of a simultaneous DNA/RNA/protein extraction and a label free quantitative proteomics
approach, such as by using normalized counts of MS/MS spectra assigned to a specific peptide,
protein abundances could be estimated and methodological bias from indices application could
be minimized (Schulze and Usadel, 2010; McKew et al., 2013). However, the protein
identification and relative quantification presented here was more successful than previously
reported for an iTRAQ experiment on Emiliania huxleyi (Jones et al., 2010). Out of 403
identified proteins using only the JGI E. huxleyi genome and taxonomically restricted reference
databases 116 peptides showed significantly different abundances between the early and late
G1-phase (dark and light incubation period). Interestingly, more proteins with relative
abundances were significantly higher in the high calcification rate phase (n = 90) compared to

the low calcification rate phase (n = 26).

Dark calcification in the early G1-phase of the cell-cycle

The assessment of calcification rates over 24 hours (Chapter 2) showed detectable
calcification in the dark phase in the range of those previously reported (Paasche, 2002). It was
argued that calcification is restricted to the G1-phase of the cell cycle. However, the existence
of dark calcification in coccolithophores has been discussed. During nuclear division electron
microscopy did not detect coccolith vesicles (van Emburg, 1989). Linschooten et al. (1991)
showed that dark calcification was not detectable in cultures of synchronous cell division using
*Ca as a tracer of biomineralisation. No existence of dark calcification is further supported by
dark calcification only being accountable to cells not undergoing cell division in the dark. As
such phosphorous-limited coccolithophore cultures, with inhibited nuclear division, were
showing dark calcification (Paasche and Brubak, 1994; van Bleijswijk et al., 1994). Dark
calcification requires energy for ion transport and synthesis of cellular structures, which is
supplied from respiration (Sekino and Shiraiwa, 1996). Transcription and protein synthesis also
require energy through hydrolysis of ATP (Snustad and Simmons, 2000; Robinson and Oijen,
2013). The observed transcript abundance shows that high rates of transcription occurred in the

early-G1 (experimental low calcification) phase in the E. huxleyi cultures, which suggests
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sufficient ATP availability. Therefore, it can be hypothesized that cohorts of old and new
generation of the cells performed the observed dark calcification, which were in the early G1-
phase. The results from the DNA content analysis support that the cell cycle of the cell
population was not synchronised. If we assume, that a fraction of the cell population was always
in the G1-phase and that proteins relevant to the calcification process were present the
observation of dark calcification throughout the dark incubation period is explained. A high
abundance of calcification specific transcripts in the early G1-phase and the nature of
cytokinesis, by which ER and Golgi networks are distributed equally between daughter cells,
further support that the proteins and calcification pathways were present at all times. The
available proteome data also shows that, for example the V-type ATPase proton transporter and
clathrin were present in the early G1-phase (compare Table 4.10). The raw MASCOT data from
the iTRAQ experiment suggests that a total of 23 V-type proton ATPases matching peptides and
10 clathrin peptides were counted in both conditions (data not shown). The average protein
abundance ratios were 0.847 for type proton ATPases and 0.664 for clathrin relative to the early
G1-phase, which would suggest that some of these proteins were present a could provide low
rates of calcium carbonate production. If cell structures and proteins were present and
synthesized in the early G1-phase a molecular biomineralisation machinery of smaller size
could be present in the cells, contributing to rates of dark calcification. It could be argued that
the observed biomineralisation peptides in the dark incubation period originated from those
cells, which did not pass cell division. However, the observed growth rates in this study
indicated that the cell population more than duplicated (average 2.4 fold, see section 2.3.1) over
the course of 24 hours, making it unlikely that cells were not passing through the S + G2/M
phase. Furthermore, during mitosis the proteins and cell structures are divided between the
daughter cells. Paasche (2002) noted that respiratory CO; production would oppose calcification
in the absence of photosynthesis. However, E. hux/eyi has a high internal buffering capacity for
CO; and takes up external CO, as its primary source for photosynthesis to reach maximum POC
production rates. Furthermore, bicarbonate was found to be the primary source for PIC
production and elevated CO, did not affect calcification (Bach et al., 2013). The additional CO,
formed during dark calcification and respiration might be transported to the chloroplast or
buffered in the cytosol. This argument would support an effective dark calcification, which is
driven by the remaining and newly developing molecular biomineralisation machinery in the
targeted cell phase. To verify the observation of dark calcification the redevelopment of the CV
could be observed using cross-polarized light microscopy and electron microscopy alongside
isotope incorporation. Additional sampling point at which proteomes and transcriptomes are
analyzed could greatly improve our understanding of the natural gene expression and existing

molecular pathway in the cell cycle of E. huxleyi.
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Transcriptome and proteome patterns related to calcification in different stages of

Emiliania huxleyi G1-phase showing high calcification and low calcification rates

Cell cycle-specific transcription, targeted proteolytic degradation, and protein modification
are regulators of cell cycle progression (Cardone and Sassone-Corsi, 2003). Chauton et al.
(2013) showed high periodicity in gene regulation of carbon fixation, storage, and utilization in
the diurnal cycle related genes of the diatom Phaeodactylum tricornutum. Hence, a cell-cycle
regulation of gene expression related to calcification in Emiliania huxleyi was expected. The
transcriptome profiles from the light and dark incubation period from this study showed
significant differential expression. Interestingly, the transcriptome in the dark was 20 % larger
showing 19093 transcripts compared to 15310 transcripts in the light. This overall pattern of
higher transcript abundance in the dark is also reflected in, for example, the unique transcripts
observed at the dark and light sampling point, the higher abundance of transcripts belonging to
V-type-proton ATPases, SERCA-type calcium ATPases, and Na' - dependent Ca®" exchanger
(NCKX and NCX) (see Chapter 3 for details) in cells of the early G1-phase cells (dark period).
The finding of higher transcript abundance and significant differential expression of genes
potentially involved in calcification process in the dark is intriguing at first, knowing that the
bulk of calcification in coccolithophores is linked to the light period. Statistical analysis showed
that, 11 and 22 genes, with link to processes involved in calcification, were significantly higher
expressed in highly calcifying and low calcifying cells, respectively. The majority of
significantly expressed genes in the calcification phase indicated that calcium binding proteins
such as calreticulin, calnexin, and calmodulin are continuously highly expressed in the light.
Calreticulin transcripts, for example, were 8-fold more abundant in the light, at1516 fpkm.
Calcium binding protein seem to be in high demand in the light phase, which suggests that

continuous synthesis is required because the molecules are lost during coccolithophogenesis.

Cell cycle phase specific gene expression is widely supported in the scientific literature (e.g.
Rustici et al, 2004; Kanesaki et al., 2012; Bastajian et al., 2013), and is triggered by external
‘zeitgeber’, such as the light/dark cycle (Lorenzen, 1957). The periodicity of gene expression
was also found to be cell cycle-phase specific for mitochondria, chloroplast, and cell nucleus in
the in the Unicellular Red Alga Cyanidioschyzon merolae; whereas, for example, the cmdnm?2
gene involved in plastid division was higher expressed in the G2/M phase and the ftsZ2-1 and
ftsZ2-2 gene, involved in mitochondrial division, in the S phase (Fujiwara et al., 2009). In the
diatom Phaeodactylum tricornutum microarray analysis from 8 sampling times showed
differential gene expression for 44 % of the whole transcriptome, with highest transcriptional

activity during the day. Six clusters of genes with differential expression and dominant
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physiological pathways were identified. Chloroplast and nucleus-encoded ribosomal genes were
upregulated in the light, heat shock proteins, chaeperones, and proteins involved in protein
modification/degradation were upregulated at midday, and proteins of cellular processes such as
carotenoid, chlorophyll, and fatty acid synthesis were down-regulated during night time, for
example (Chauton et al., 2013). The synchronisation of the circadian clock and the
environmental light - dark rhythm improves the physiological performance of photosynthetic
organisms (Green et al., 2002; Dodd et al., 2005; Winjen et al., 2006b). Therefore, it is an
energetic advantage, especially for photosynthetic cells, to establish the physiological networks

before the next illumination period.

The diurnal periodicity of gene expression in E. huxleyi is hardly known. Gene expression
studies using the dark phase as sampling point were focussing on three biomineralisation genes
(Richier et al, 2009). In this study, it was concluded that the majority of the cell populations at
the dark and light sampling points were in stages of the G1-phase (see Figure 2-4D), the late
and early G1-phase, respectively. As calcification in coccolithophores is restricted to the G1-
phase but increases significantly in photosynthesizing cells (Paasche 2000), the presence of
gene expression related to calcification was expected. However, the results presented in this
study are a novelty as they show that the larger number of known biomineralisation genes are
more highly expressed in the early G1-phase (dark period). The significantly higher expression
of, for example, gene 354606 (probable K" dependent Ca*”Na" exchanger), gene 463095
(SERCA - calcium-transporting ATPase 4), and 109061 (calmodulin-like protein 5 / CLP 5) in
the dark would suggest that the proteins are not involved in calcification processes (see
Appendix A Table 7 and 8). WolfPSort (Horton et al., 2007) identifies the ER as the location of
the probable K™ dependent Ca>”Na" exchanger (gene 354606, UniProt ID: Q9VN12) and
SERCA - calcium-transporting ATPase 4 (gene 463095, UniProt ID: Q9XES1). The
calmodulin-like protein 5 / CLP 5 (gene 109061, UniProt ID: QINZT1) is of mitochondrial
location by WolfPSort. Therefore, the observed high general gene expression and high
expression of calcification related genes reflected the re-construction of molecular machinery
that was separated during cytokinesis. Golgi stacks, endosplasmic reticulum, ribosomes,
mitochondria and chloroplasts are known to be equally partitioned between daughter cells
during cytokinesis (Nebenfuhr et al., 2000; Puhka et al., 2007). Following cytokinesis the ER
and Golgi membranes are synthesized, as the ribosomal-ER-Golgi cell physiological network is
pivotal for protein translation and posttranslational protein modifications. In E. huxleyi
calcification the ER and Golgi-apparatus are important in Ca>*rich coccolithosome production
that is pivotal for the precipitation of the coccolith in the coccolith vesicle. These networks also

ensure that at dawn efficient photosynthetic carbon assimilation can render cell growth and
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accumulation of energy reserves for passing cell division check points of the next cell division
cycle (Green et al., 2002; Dodd et al., 2005; Winjen et al., 2006b; Zachleder et al., 2016). The
ER and mitochondria related gene expression showed periodicity in cell-cycle of C. merolae
(Fujiwara et al., 2009) and it can be assumed that cell organelle related gene expression occurs
also in periodic waves throughout the cell cycle of E. huxleyi. The elevated gene expression of
proteins related to biomineralisation is coherent with the post cytokinesis G1-phase
characteristics of gene expression. Even the relatively high levels of calmodulin transcript
abundance in the dark period (~1650 fpkm), support the synthesis of the ER networks in the
early G1-phase, as calmodulin is an important component in maintaining high Ca**

concentrations of the ER lumen.

Interestingly, more proteins with relative abundances were significantly higher in the late
G1-phase (n = 90) compared to the early G1-phase (n = 26). This observation stands in contrast
to the observed pattern of transcript abundance. The identified significantly more abundant
proteins in the light were mainly involved in processes related to photosynthesis (photosystem
II) and ATPase proton transport as indicated by counts of proteins’ function, subcellular
location, and GO cellular component annotations. The predicted locations of the proteins
identified to be relatively more abundant in the light were the chloroplast, cytoplasma, Golgi
apparatus, and plasma membrane. In the dark period proteins with higher relative abundance of
nucleosome and microtubule origin were more common. The proteome of the light reflected the
general catalytic activity in the photosynthesis phase and given by the higher relative abundance
proton transporting ATPases and clathrin calcification and coccolithogenesis. Vacuolar proton
ATPases and clathrin were previously observed in the proteome of E. huxleyi (Jones et al.,
2011; Jones et al., 2013). Both proteins may be directly associated in clathrin coated vesicles
(Forgac, 2000). However, both proteins have functions in a variety of cellular processes and
locations. Clathrin is generally the primary component of endocytic transport systems (Takei
and Hauke, 2001) and was also found to be highly expressed in the diatom Thalassiosira
pseudonana (Nunn et al., 2009). Clathrin has a versatile function in processes such as
endocytosis events that induce nutrient availability, growth of cell structures, protein transport,
stabilization of forming vesicles, and the reformation of synaptic vesicles (Kirchhausen 2000;
Takei and Hauke, 2001; Nunn et al., 2009). Synaptic vesicle recycling is also mediated by
clathrin (Marks and McMahon, 1998). The precise function of clathrin in coccolithophores
remains speculation. However, it can be assumed that clathrin coated vesicles may play a
significant role in the vesicle transport by coccolithosomes to the coccolith vesicle. Jones (2010)
also observed clathrin and COP in the proteomes of E. huxleyi and suggested that it could be

operating in vesicular transport from the transitional ER to the Golgi. Furthermore, V-type
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ATPases have been shown to be important for the acidification of cellular compartments, such
as neuron (Moriyama et al., 1992) and were proposed to contribute to acidification of the trans-
Golgi network in Arabidopsis (Dettmer et al., 2006). If clathrin-coated vesicles are associated
with V-type ATPase in Emiliania huxleyi they could be involved in the acidification of the

Golgi-derived coccolithosomes.

New insights into the calcification mechanisms and gene expression patterns in E.
huxleyi from the synchronous study of the transcriptome and proteome at a

different calcification levels (low and high) of the G1 phase

The proteome and transcriptome results of the calcification phase have so far accentuated the
importance of four functional proteins categories for coccolithophore calcification: calcium
binding proteins, clathrin-coated vesicle transport, membrane fusion, and proton-transport,
which can be considered to propose a model for vesicular transport of Ca>* to the coccolith
vesicle. Calcium binding proteins, such as calmodulin and calreticulin have a higher affinity to
Ca ions in acidic conditions (Yoo and Lewis, 1992; Nash et al., 1994) and can bind up to 25
moles of Ca*" per mol calreticulin (Baksch and Michalak, 1991). Calreticulin changes into a
tetramer in low pH with increased mass, with increasing Ca*" binding capacity (Yoo and Lewis,
1992) and has high capacity low affinity Ca®* binding characteristics (Corbett and Michalak,
2000). Calreticulin and other calcium binding proteins are associated and abundant in the Golgi
network and endoplasmic reticulum, which act as a Ca-ion buffering structure in cells and
modulates the uptake and release of Ca’" in the endoplasmic reticulum (Corbett and Michalak,
2000; Arnaudeau 2002). Calcium loaded calreticulin could be included in coccolithosomes that
are released from the trans-Golgi. The vesicle-like coccolithosome membrane could be clathrin
coated (Takei and Hauke, 2001) and therefore contain numerous V-type proton ATPases.
Clathrin coated vesicles originating from the Golgi were previously identified (Orci et al.,
1986). Mackinder et al. (2011) suggested that a down-regulation of V-type proton ATPase
could promote calcium carbonate precipitation under supersaturated conditions of Ca>" and
HCOj; and at pH 7.2. Calreticulin was found to change to a monomer under more alkaline
conditions and suggested to release calcium (Yoo and Lewis, 1992). Active V-type proton
ATPase could stabilize calreticulin and other calcium binding proteins at high calcium binding
capacities during trans-cytosolic migration to the CV. Clathrin and COP I, COP II, and SNARE
complexes may assist in the fusion of coccolithosome and coccolith vesicle membranes. The
CV might already show higher pH during this fusion. The V-type ATPases are at some point
down-regulated in the CV membranes to develop a more alkaline environment for calcium

carbonate precipitation. V-type proton ATPases were found to have peripheral complex
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V, (Arai, 1989). The integral membrane complex membrane V, and peripheral V, complex are
easily dissociated reducing proton pumping across the membrane to a minimum (Kane, 1995;
Beyenbach and Wiezorek, 2006), which could regulate the pH of the CV in favour for calcium
carbonate precipitation if the CV maintained a cytoplasmic-side negative membrane potential
(Mackinder et al., 2011). The results presented here strongly suggest the requirement of V-type
proton ATPase, calcium binding proteins, and membrane fusion complexes, which would be
required for the above scenario. Future research on E. huxleyi calcification should attempt to
elucidate the location of calreticulin in the cell. A remaining questions, which may be very hard
to address experimentally, should address the differences of pH and composition of the
coccolithosomes to the CV. A lower pH value in the coccolithosomes than the CV would
support the above-proposed model that coccolithosomes carry higher loads of Ca** due to

calreticulin in acidified conditions.

Furthermore, the molecular results indicate some interesting characteristic of cell-cyclic gene
expression in E. huxleyi. The transcriptome analysis identified a few genes that transcribed for
the same protein but, interestingly, showed preferred expression in the early-G1-phase or late
Gl-phase. Thus suggesting that different promoter sites and different gene regulation pathways
activated gene expression regulation. For example, the endoplasmic reticulum-type calcium
transporting ATPase 4 Q9XES1 was expressed by three genes (251608, 429294, 463095).
Genes 251608 and 429294 were dominantly expressed in the late G1-phase in highly calcifying
cells, whereas gene 463095 was expressed almost exclusively in the early G1-phase (dark
incubation period) when cell compartments like the endoplasmic reticulum were complemented
after cytokinesis (compare Appendix A Table 7). A more detailed investigation of the
transcriptome might reveal more such cases. Gene expression transcribing the same protein also
showed genes that with higher expression than others. For example, the expression of six genes
transcribing for V-type proton ATPase 16 kDa proteolipid subunit Q43362 were observed to
show higher transcript abundance in the early G1-phase. Among those, gene 359783 was at
least 3 times higher expressed than any other gene transcribing for Q43362. It is unclear if an
elevated physiological or environmental key could trigger higher expression of the other genes
and if all genes transcribing for Q43362, for example, could provide the same maximum
transcription rate. The outstanding cap analysis of gene expression will provide additional
insights in differences of gene expression patterns in the early and late G1-phase. A higher
plasticity of the transcriptome in respect to elevating the expression of genes that are not
transcribed at maximum rates, such as the V-type proton ATPases, suggests that E. huxl/eyi has a
potential to compensate for calcification altering effects of ocean acidification. In fact, after 500

generations of ocean acidification exposure E. huxelyi cells were found to show an adaptive
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response, which included a putative vacuolar type two-sector proton pump (Lohbeck et al.,

2014).

Concluding remarks and future work

The original outline of the project anticipated sampling a natural coccolithophore bloom, to
improve existing protocols of Emiliania huxleyi proteomics, and to find transcriptome and
proteome matches. The data presented and discussed in this monograph represents only a
fraction of the information that the whole cell transcriptomic and whole cell proteomic results
hold. Future, investigations should address functional network and predict the location of the
identified proteins. Furthermore, a great deal of data that was assessed during this PhD has not
been used in the framework of this PhD thesis. Due to time constraints, the metatranscriptomic
assessment of a natural Emiliania huxleyi bloom in Raunefjorden, Norway has not been fully

analysed and was not presented here; this work, among others, is on going.

The investigation of the transcriptome and proteome of unaltered diurnal biomineralisation
patterns has shown that multiple genes of homologous groups are expressed at different times
during the cell cycle. The observations imply that a bulk of proteins involved in coccolithophore
calcification, such as V-type-proton ATPases, SERCA-type calcium ATPases, and Na" -
dependent Ca®" exchanger (NCKX and NCX) are expressed in the early G1-phase of the cell
cycle and that ribosomal synthesis of these proteins occurs shortly after. Furthermore, the early
expression of the biomineralisation genes implies that they are part of compartmental systems
and organelles that are maturing in the early G1 phase. To decipher the molecular machinery at
the core of biomineralisation it is critical to further engage studies using modern genomic,
transcriptomic, proteomic and metabolomic techniques that target explore the expression and its
control (e.g. promoter expression analysis) additional time points throughout the cell cycle.
Chauton et al. (2013) have provided an example for cyclic diurnal gene expression study that
suggested clusters of genes that are expressed at different times throughout the cell cycle. A
similar study and molecular analysis could be conducted on coccolithophores. Furthermore,
knockout, knockdown and overexpression of genes, which have become apparent in this study,
should help to confirm the role of the genes putatively identified herein as being important for
biomineralisation. An analysis of gene expression, proteome patterns and calcification under
conditions of specifically knocked out ion transporter genes should help to differentiate between
a core set of ion transporter genes involved in calcification (core set) and secondary pathways.
Knockout or transformation techniques are now more widely available and have been more

frequently applied in marine species, such as Nannochloropsis gaditana to enhance their
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potential use in biofuel production (Radakovits et al., 2012). Such transformation techniques are
needed in coccolithophores to understand the fundamental mechanisms driving calcification. In
respect to the response of coccolithophores to ocean acidification a CO, exposure experiment
could illuminate, if the early expression of biomineralisation proteins increases under CO; or if
the responses occur with increasing rates of calcification during the light period. Such an
experiment may also help to decipher which genes that are involved in calcification are
activated as a response to elevated CO, and which genes are more likely expressed because they
function in cellular compartments. The results presented in this study — the cell cycle phase of
sampling greatly matters when drawing conclusions from gene expression studies that address
biomineralisation - should be considered in the design of future experiments, in particular those
addressing the response to ocean acidification and adaptation to global change. Further
fundamental assessments of the calcification physiology at different cell cycle phases will
improve the understanding of the level at which adaptive processes to ocean acidification in
coccolithophores occur. Lohbeck et al. (2014) showed that after 500 generations of CO,
exposure Emiliania huxleyi showed an adaptive response and was able to reestablish partly the
calcification and growth rates. At a molecular level the adaptive response was observed as up-
regulation of genes of interest involved in pH regulation and carbon transport. As this study has
shown there are multiple genes that are active in processes, which could be important for
calcification and those genes may be expressed at an early stage of the cell cycle. It would be
most interesting to investigate how the adaptive processes are reflected in selected promoter
enhancement and transcriptome plasticity (transcribing at maximum gene expression rates) of
genes that are not fully expressed under ambient CO, and whether or not the adaptive changes
are reflected in early G1-phase cells or in photosynthesizing cells of the late G1-phase. Early
G1-phase adaptive changes would suggest an “evolutionary” response in E. huxleyi to altering
ocean acidity because the extend of the ER and Golgi apparatus are improved, for example.
Changes of gene expression related to calcification in photosynthesizing cells of the late G1-
phase would indicate an improvement of the physiological pathways under photosynthetic
enhancement of the calcification process. Such insights would increase our detailed knowledge
of the molecular adaptation of E. huxleyi to the future high CO, world and furthermore, help to

improve estimating the changes in future calcite production and the global carbon cycle.
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The transcriptome of Emiliania huxleyi at high and
low calcification rates in the G1-phase

Physiological data:

Appendix A Table - 1: Statistical results comparing the physiological data from the day before cell
harvesting with the day of harvesting and the late and the early G1-phase. (KWA: Kruskal-Wallis

ANOVA).
Parameter | Comparison test n d.f. F-statistics p-value
H-statistics
Fv/Fm full ANOVA | 12 3,8 F=2.153 0.172
POC full KWA 8 3 H=3.667 0.381
PON full KWA 8 3 H=2.833 0.543
PIC full ANOVA | 12 3,8 F=3.212 0.083
C:N full KWA 8 3 H=4.167 0.324
PIC:POC full KWA 8 3 H=5.500 0.139
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APPENDIX A - SUPPLEMENTARY RESULTS - CHAPTER 3 - THE TRANSCRIPTOME

OF EMILIANIA HUXLEYI AT HIGH AND LOW CALCIFCATION
RATES OF THE G1-PHASE

Heat Shock Protein 70 homolog expression

NR/UniProt/SwissProt ID - protein name

Q06248 - HSP70 protein 1V

log2-fold expression change

-8 6 4 -2 0 2 4 6 8
I I I | I I I
Q07437 - HSP70 — 0O %
Q9UB39 - HSP70 cognate 4 +————(+) »
P27420 - HSP70 protein C ©
O]
P27322 - HSP70 protein 2 +———() *
QILHAS - HSP70 protein 4 +——() *
P29844 - HSP70 cognate 3 ®
P09446 - HSP70 protein A 0)
. 1 10 10° 10°
SCALE - Transcripts fpkm

Appendix A Figure 2: Transcripts related to Heat Shock Protein 70 expression found in E. Auxleyi
cells showing high and low rates of calcification (shaded grey). Positive 2%-fold expression values
indicate elevated expression in the Dark period. The sizes of the circles indicate the total abundance
of transcripts found at Light and Dark period.

Appendix A Table - 11: Details of transcript abundance of heat shock protein in E. huxleyi cells
showing high (HC) and low rates of calcification (LC).

2*-fold fpkm at | fpkm at
JGI# UniProt ID | Short name change HC LC sig.
311681 Q07437 HSP 70 kDa -3.24 42.8 4.5 yes
420962 Q9U639 HSP 70 kDa 4 cognate -2.77 1619.2 236.8 yes
421892 P27420 HSP 70 kDa C 0.01 10.9 10.9 no
423268 Q06248 HSP 70 kDa IV -0.14 16.2 14.7 no
441734 P27322 HSP 70 kDa 2 cognate -4.19 408.7 22.5 yes
47896 QI9LHAS HSP 70 kDa 4 cognate -4.13 212.9 12.2 yes
59809 P29844 HSP 70 kDa 3 cognat -0.18 34 3.0 no
62931 P09446 HSP 70 kDa A 0.35 5.0 6.4 no




APPENDIX A - SUPPLEMENTARY RESULTS - CHAPTER 3 - THE TRANSCRIPTOME

OF EMILIANIA HUXLEYI AT HIGH AND LOW CALCIFCATION

RATES OF THE G1-PHASE

Appendix A Table - 12: Selected transcripts with potential role in biomineralisation of the 1000 most

abundant transcripts in the light incubation period (high calcification rate) of the cell cycle.

fpkm in | fpkm in | 2*-fold

JGI# UniProt ID [Function Light Dark | change |q valuelSig.

442625 | Q40302 |Calmodulin 2539.2 | 1030.6 | -1.3 ]0.5585| no

443126 | Q40302 |Calmodulin 1540.1 | 5789 | -1.41 |0.3289]| no

426711 | P15253 |Calreticulin 1206.0 | 141.0 -3.1 10.0043] yes

431830 | QOMYWS8 |GPA 1029.1 14.4 -6.16 10.0000] yes
V-type proton ATPase
16 kDa proteolipid

359783 | Q43362 |subunit 748.2 | 14604 | 0.96 ]0.8089| no
Ca’"calmodulin-
dependent protein kinase,

443525 | Q869W6 [EF-Hand 713.0 72.0 -3.31 ]0.0230] yes
IProbable V-type proton

355949 | P91303 |ATPase subunit G 556.2 765.2 0.46 10.7748| no
\V-type proton ATPase

433060 | Q9MB46 |subunit E 411.4 5259 0.35 [0.8586| no
V-type proton ATPase

435128 | P31408 |[subunit B, brain isoform 390.7 976.2 1.32 |0.2916| no
\V-type proton ATPase

413949 | P54641 |subunitd 359.5 739.4 1.04 [0.4089]| no
V-type proton ATPase

439538 | P54647 |catalytic subunit A 3234 785.5 1.28 ]0.3852| no

352114 | P25870 |Clathrin heavy chain 320.5 443.1 0.47 10.7282| no

49942 Q38798 |Calnexin homolog 2 316.2 21.1 -3.91 ]0.0000|yes

446255 | P15253 |Calreticulin 310.3 41.7 -2.9 [0.0103|yes
V-type proton ATPase

432823 | Q7T385 |subunit C 1-A 302.8 460.8 0.61 [0.7537| no
IProbable V-type proton

369392 | P91303 |ATPase subunit G 299.3 381.5 0.35 [0.8057| no
[Putative transporter

466232 | Q9HGM6 |C543.05¢ 275.6 2.0 -7.07 10.0000] yes
Calcium-dependent

365420 | Q3E9CO |protein kinase 34 257.5 31.5 -3.03 ]0.0091 |yes
GTP-binding protein

432215 | Q01474 |SARI1B 255.2 103.5 -1.3  ]0.3831| no
Synaptosomal-associated

436781 | P60881 |protein 25 234.4 32.7 -2.84 |0.0509| no
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Appendix B — Supplementary results for Chapter 4 - The
proteome of Emiliania huxleyi at high and low rates
of calcification of the G1-phase
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244 APPENDIX B- SUPPLEMENTARY RESULTS - CHAPTER 4 - THE PROTEOME

OF EMILIANIA HUXLEYI AT HIGH AND LOW CALCIFCATION

RATES OF THE G1-PHASE

Appendix B Table - 2: Gene ontology annotations of all proteins identified in E. huxleyi showing

highly calcifying cells of the late G1-phase.

Appendix B Table -2

Gene Ontology — biological process [GO IDs] (non significantly Number of
higher expressed) Peptides
Translation [GO:0006412] 29
Photosynthesis; light harvesting [GO:0009765]; protein-chromophore

linkage [GO:0018298] 7
Protein folding [GO:0006457] 6
ATP hydrolysis coupled proton transport [GO:0015991]; ATP synthesis

coupled proton transport [GO:0015986] 6
Protein folding [GO:0006457]; response to stress [GO:0006950] 6
Glycolytic process [GO:0006096] 4
one-carbon metabolic process [GO:0006730]; S-adenosylmethionine

biosynthetic process [GO:0006556] 4
ATP synthesis coupled proton transport [GO:0015986] 4
Protein refolding [GO:0042026] 3
Ubiquitin-dependent protein catabolic process [GO:0006511] 2
L-serine biosynthetic process [GO:0006564] 2
Pyridoxal phosphate biosynthetic process [GO:0042823]; vitamin B6

biosynthetic process [GO:0042819] 2
tRNA aminoacylation for protein translation [GO:0006418] 2
Leucine biosynthetic process [GO:0009098] 2
Photosynthesis [GO:0015979]; photosystem II stabilization [GO:0042549] 2
Tetrapyrrole biosynthetic process [G0O:0033014] 2
Regulation of transcription; DNA-templated [GO:0006355] 2
Cell redox homeostasis [GO:0045454]; protein folding [GO:0006457] 2
Fatty acid metabolic process [GO:0006631] 2
Photosynthetic electron transport in photosystem II [GO:0009772]; protein-
chromophore linkage [GO:0018298] 2
ATP synthesis coupled proton transport [GO:0015986]; methylglyoxal

catabolic process to D-lactate [GO:0019243]; photorespiration

[GO:0009853]; proteasome core complex assembly [GO:0080129];

response to misfolded protein [GO:0051788]; response to misfolded protein
[GO:0051788]; ubiquitin-dependent protein catabolic process

[GO:0006511]; 1
Cortical microtubule organization [GO:0043622]; gluconeogenesis

[GO:0006094]; glycolytic process [GO:0006096]; protein folding

[GO:0006457]; response to cadmium ion [GO:0046686]; response to

cadmium ion [GO:0046686]; response to salt stress [GO:0009651]; 1
Intracellular protein transport [GO:0006886]; vesicle-mediated transport
[GO:0016192] 1
Glycyl-tRNA aminoacylation [GO:0006426] 1
Response to oxidative stress [GO:0006979] 1
One-carbon metabolic process [GO:0006730] 1
Glucose metabolic process [GO:0006006] 1
Arginine biosynthetic process [GO:0006526]; nucleotide biosynthetic

process [GO:0009165] 1
ATP hydrolysis coupled proton transport [GO:0015991] 1
Phospholipid metabolic process [GO:0006644] 1
Branched-chain amino acid metabolic process [GO:0009081] 1
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Appendix B Table -2
Gene Ontology — biological process [GO IDs] (non significantly Number of
higher expressed) Peptides
GMP biosynthetic process [GO:0006177] 1
Cytoskeleton organization [GO:0007010] 1
Acetyl-CoA biosynthetic process from pyruvate [GO:0006086] 1
Folic acid-containing compound biosynthetic process [GO:0009396] 1
rRNA processing [GO:0006364] 1
Tricarboxylic acid cycle [GO:0006099] 1
Formation of translation preinitiation complex [GO:0001731]; regulation of
translational initiation [GO:0006446] 1
Porphyrin-containing compound biosynthetic process [GO:0006779] 1
Intracellular protein transport [GO:0006886]; nucleocytoplasmic transport
[GO:0006913] 1
Proteolysis [GO:0006508] 1
Fatty acid biosynthetic process [GO:0006633] 1
carbohydrate metabolic process [GO:0005975]; malate metabolic process
[GO:0006108] 1
(1->3)-beta-D-glucan biosynthetic process [GO:0006075] 1
Regulation of protein catabolic process [GO:0042176] 1
Protein ubiquitination [GO:0016567]; ubiquitin-dependent protein catabolic
process [GO:0006511] 1
Cell division [GO:0051301] 1
Small GTPase mediated signal transduction [GO:0007264] 1
Pteridine-containing compound metabolic process [GO:0042558] 1
'de novo' pyrimidine nucleobase biosynthetic process [GO:0006207] 1
Chlorophyll biosynthetic process [GO:0015995] 1
Protoporphyrinogen IX biosynthetic process [GO:0006782] 1
Nitrogen compound metabolic process [GO:0006807] 1
Transmembrane transport [GO:0055085] 1
Ribosome biogenesis [GO:0042254] 1
Translational elongation [GO:0006414] 1
Protein catabolic process [GO:0030163] 1
Cell redox homeostasis [GO:0045454] 1
Actin filament depolymerization [GO:0030042] 1
Threonyl-tRNA aminoacylation [GO:0006435] 1
Proteolysis involved in cellular protein catabolic process [GO:0051603] 1
Intracellular transport [GO:0046907] 1

Protein retention in ER lumen [GO:0006621]; protein transport
[GO:0015031]

Transcription; DNA-templated [GO:0006351]

Cytochrome c-heme linkage [GO:0018063]; photosynthesis, light reaction
[GO:0019684]

Nitrogen fixation [G0:0009399]

Cellular protein modification process [GO:0006464]

Chlorophyll biosynthetic process [GO:0015995]; photosynthesis
[GO:0015979]

Oxidation-reduction process [GO:0055114]; photosynthesis [GO:0015979]
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Appendix B Table - 3: Gene ontology annotations of all proteins identified in E. huxleyi showing

low calcification rates in the early G1-phase

Appendix B Table 3
Gene Ontology — cellular component [GO IDs] (non significantly
higher expressed)

Number of
Peptides

Ribosome [GO:0005840]

21

Cytoplasm [GO:0005737]

14

Chloroplast [GO:0009507]

11

Chloroplast [GO:0009507]; integral component of membrane [GO:00160217;
photosystem II [GO:0009523]

Intracellular [GO:0005622]

9]

Large ribosomal subunit [GO:0015934]

Proton-transporting ATP synthase complex, catalytic core F(1)
[GO:0045261]

Chloroplast thylakoid membrane [GO:0009535]; proton-transporting ATP
synthase complex, catalytic core F(1) [GO:0045261]

Cytosol [GO:0005829]

Chloroplast [GO:0009507]; ribosome [GO:0005840]

Chloroplast thylakoid membrane [GO:0009535]; integral component of
membrane [GO:0016021]; proton-transporting ATP synthase complex,
coupling factor F(0) [GO:0045263]

\9)

Endoplasmic reticulum [GO:0005783]; endoplasmic reticulum lumen
[GO:0005788]

Nucleosome [GO:0000786]; nucleus [GO:0005634]

Nucleus [GO:0005634]

Small ribosomal subunit [GO:0015935]

1,3-beta-D-glucan synthase complex [GO:0000148]

3-isopropylmalate dehydratase complex [GO:0009316]

Actin cytoskeleton [GO:0015629]

Cell [GO:0005623]

— == = (NN [N

Cell wall [GO:0005618]; chloroplast [GO:0009507]; mitochondrial proton-
transporting ATP synthase complex [GO:0005753]; nucleolus [GO:0005730];
proton-transporting ATP synthase complex, catalytic core F(1) [GO:0045261]

Chloroplast [GO:0009507]; integral component of membrane [GO:00160217;
photosystem II [GO:0009523]; thylakoid membrane [GO:0042651]

Chloroplast [GO:0009507]; large ribosomal subunit [GO:0015934]

Chloroplast [GO:0009507]; mitochondrion [GO:0005739]

Chloroplast [GO:0009507]; small ribosomal subunit [GO:0015935]

Chloroplast envelope [GO:0009941]; mitochondrion [GO:0005739]

Chloroplast stroma [GO:0009570]

[UNG U FUNENY [N U U

Chloroplast thylakoid membrane [GO:0009535]; integral component of
membrane [GO:0016021]; photosystem II [GO:0009523]

Chloroplast thylakoid membrane [GO:0009535]; integral component of
thylakoid membrane [GO:0031361]

Chloroplast thylakoid membrane [GO:0009535]; photosystem 11
[GO:0009523]

Clathrin coat of coated pit [GO:0030132]; clathrin coat of trans-Golgi
network vesicle [GO:0030130]

Cullin-RING ubiquitin ligase complex [GO:0031461]
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Appendix B Table 3
Gene Ontology — cellular component [GO IDs] (non significantly Number of
higher expressed) Peptides

Cytoplasm [GO:0005737]; nucleus [GO:0005634]; proteasome core complex
[GO:0005839]

1

Cytoplasm [GO:0005737]; nucleus [GO:0005634]; proteasome core complex,
alpha-subunit complex [GO:0019773]

Cytosol [GO:0005829]; prefoldin complex [GO:0016272]

Endoplasmic reticulum membrane [GO:0005789]; integral component of
membrane [GO:0016021]

Eukaryotic 43S preinitiation complex [GO:0016282]; eukaryotic 48S
preinitiation complex [GO:0033290]; eukaryotic translation initiation factor 3
complex [GO:0005852]

Extrinsic component of membrane [GO:0019898]; integral component of
membrane [GO:0016021]; photosystem II oxygen evolving complex
[GO:0009654]

Extrinsic component of membrane [GO:0019898]; photosystem II oxygen
evolving complex [GO:0009654]

Integral component of membrane [GO:0016021]

Integral component of membrane [GO:0016021]; mitochondrial inner
membrane [GO:0005743]

Membrane [GO:0016020]

Mitochondrion [GO:0005739]; proton-transporting ATP synthase complex,
catalytic core F(1) [GO:0045261]

Motile cilium [GO:0031514]

Phosphopyruvate hydratase complex [GO:0000015]

Proteasome complex [GO:0000502]

bt | | | p—

Proton-transporting two-sector ATPase complex, catalytic domain
[GO:0033178]
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Appendix B Table - 4: Peptides matching the most recent E. huxleyi genome (Read et al., 2013)

Appendix B Table 4

E. hux JGI gene ID E Value Score Hit Sim. in %
100546 0 1667 100
102999 2.00E-129 365 100
105039 0 598 100
106019 4.00E-124 350 100
107385 4.00E-134 377 100
107385 4.00E-134 377 100
107385 5.00E-108 310 87
108180 0 572 100
109848 0 2969 100
109848 0 2969 100
113427 0 2357 100
114964 4.00E-80 234 100
116827 0 607 66
118474 0 4175 100
124604 4.00E-97 279 100
196702 4.00E-139 391 99
198024 0 2243 100
198360 0 764 100
199538 0 925 100
200700 0 535 100
200700 0 535 100
206438 0 713 100
216021 0 841 100
216021 0 835 100
220968 7.00E-69 205 100
227764 3.00E-152 425 100
237243 4.00E-95 274 100
243741 3.00E-163 454 100
245546 1.00E-108 310 100
246130 3.00E-69 206 100
246253 0 869 82
251065 2.00E-71 211 100
251065 2.00E-71 211 100
257439 2.00E-91 265 100
258285 3.00E-108 308 100
312577 0 1599 100
312577 0 1599 100
317426 0 2635 100
317426 0 2635 100
317426 0 2629 100
317615 5.00E-153 427 100
317615 7.00E-153 427 100
317615 1.00E-148 416 100
318009 0 701 100
318009 0 701 100
349981 0 558 100
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Appendix B Table 4

E. hux JGI gene ID E Value Score Hit Sim. in %
351077 0 562 100
351077 0 505 91
351077 0 505 91
351730 2.00E-134 378 100
351730 2.00E-134 378 100
351730 2.00E-127 360 96
352634 0 532 100
352634 0 507 96
354741 8.00E-173 480 100
354741 8.00E-173 480 100
354741 9.00E-173 480 100
354741 9.00E-173 480 100
356661 0 941 100
356661 0 941 100
361737 0 608 75
361737 0 793 100
361737 0 793 100
362112 0 900 100
362112 0 900 100
362534 3.00E-180 504 68
362722 1.00E-63 191 100
363772 1.00E-151 424 100
363772 1.00E-151 424 100
363772 3.00E-144 405 98
364889 0 515 94
365175 0 833 100
365175 0 833 100
365175 0 833 100
365947 3.00E-108 309 100
369392 3.00E-70 209 100
369392 3.00E-70 209 100
369392 3.00E-70 209 100
369425 0 803 85
369425 0 944 100
369425 0 944 100
369425 0 944 100
372394 0 671 91
372663 0 533 100
373699 3.00E-66 197 100
374282 7.00E-82 239 100
374282 7.00E-82 239 100
374282 7.00E-82 239 100
414178 2.00E-143 402 100
414178 2.00E-143 402 100
414772 8.00E-153 427 100
414772 7.00E-150 420 100
415031 3.00E-109 312 100
415405 0 913 100
415433 4.00E-122 346 91
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Appendix B Table 4

E. hux JGI gene ID E Value Score Hit Sim. in %
415729 0 516 100
415729 0 516 100
415729 0 516 100
415940 2.00E-151 423 100
415940 2.00E-151 423 100
416424 0 918 100
416424 0 918 100
416950 0 1315 100
416950 0 1315 100
416955 1.00E-95 275 100
417078 0 1602 100
417078 0 1602 100
417078 0 1602 100
417351 5.00E-106 314 36
417468 0 539 31
417537 0 525 100
417537 0 525 100
417537 0 525 100
417816 1.00E-88 257 97
418142 9.00E-100 286 100
418229 0 779 63
418599 0 548 47
418599 0 555 47
419966 2.00E-102 294 100
419966 2.00E-102 294 100
419966 4.00E-92 267 90
420527 0 1715 100
420527 0 1672 98
421023 0 2216 95
421349 0 1038 98
421356 0 1711 99
421356 0 1660 97
421960 0 1581 100
422643 0 560 100
422643 0 560 100
422643 3.00E-104 303 53
423073 0 2655 100
423073 0 2655 100
423357 4.00E-166 488 27
423968 0 771 100
423968 0 771 100
423968 4.00E-166 468 60
424731 0 739 100
424731 0 739 100
424731 6.00E-135 387 51
426056 0 525 86
426056 0 614 100
426056 0 614 100




APPENDIX B- SUPPLEMENTARY RESULTS - CHAPTER 4 - THE PROTEOME
OF EMILIANIA HUXLEYI AT HIGH AND LOW CALCIFCATION

RATES OF THE G1-PHASE

251

Appendix B Table 4

E. hux JGI gene ID E Value Score Hit Sim. in %
426711 0 846 100
426711 0 846 100
427020 0 520 56
427625 0 1307 100
427625 0 719 56
427625 0 1266 98
427625 0 1132 90
428226 0 1041 54
429671 7.00E-142 397 100
429767 0 624 86
430738 2.00E-174 487 74
431703 6.00E-150 419 100
431703 6.00E-150 419 100
431703 3.00E-119 339 80
431800 8.00E-103 295 92
431974 0 583 81
431974 0 723 100
431974 0 723 100
432120 8.00E-77 226 100
432120 1.00E-76 226 100
432120 1.00E-76 226 100
432385 0 733 100
432385 0 733 100
432606 0 978 100
432636 0 521 69
432636 0 759 100
432636 0 759 100
432636 0 759 100
432765 2.00E-165 459 100
432765 3.00E-165 459 100
432765 3.00E-165 459 100
432765 3.00E-165 459 100
432823 0 748 100
432823 0 748 100
432864 0 552 69
432864 0 795 100
432864 0 795 100
432864 0 784 99
432900 5.00E-107 308 73
433142 0 1037 99
433142 0 1050 100
433142 0 1050 100
433142 0 1050 100
433309 0 744 100
433309 0 750 100
433309 0 750 100
433456 4.00E-61 187 66
433847 0 562 100
433847 0 562 100
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Appendix B Table 4

E. hux JGI gene ID E Value Score Hit Sim. in %
433847 4.00E-140 396 69
433854 2.00E-132 373 100
434108 2.00E-149 418 100
434108 2.00E-149 418 100
434108 2.00E-124 353 83
434239 0 2522 100
434239 0 2522 100
434239 0 1522 90
434513 0 538 61
434648 0 517 83
434648 0 625 100
434648 0 625 100
434751 0 740 100
434751 0 719 98
435222 2.00E-175 487 100
435222 2.00E-175 487 100
435222 3.00E-161 449 91
435472 0 521 100
435472 0 521 100
435472 0 521 100
436026 0 565 39
436026 0 1337 100
436026 0 1337 100
436026 0 1337 100
436026 1.00E-10 54 3
436143 0 548 100
436409 3.00E-167 465 100
436495 0 573 72
436495 0 794 100
436495 0 794 100
436528 0 1214 100
436615 0 504 100
436903 6.00E-179 496 100
436903 6.00E-179 496 100
436903 2.00E-167 466 95
437052 0 920 100
437052 0 920 100
437052 0 879 97
437374 6.00E-141 395 100
437374 7.00E-141 395 100
437557 4.00E-137 388 88
437959 0 786 57
437959 0 1395 100
437959 0 1395 100
437959 0 1395 100
438040 0 928 100
438040 0 928 100
438194 0 1037 100
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Appendix B Table 4

E. hux JGI gene ID E Value Score Hit Sim. in %
438194 0 1037 100
438194 0 858 88
438265 0 541 100
438462 0 541 100
438462 0 541 100
438462 0 541 100
438462 1.00E-179 498 94
439359 0 600 38
439359 0 1582 100
439359 0 1582 100
439359 0 1573 100
439359 8.00E-163 474 30
439486 5.00E-102 292 100
439486 5.00E-102 292 100
439486 5.00E-102 292 100
439486 5.00E-88 256 86
439538 0 1209 100
439538 2.00E-121 359 29
439544 0 1544 100
439544 2.00E-180 522 34
439617 0 816 100
439617 0 816 100
439617 0 701 88
439617 8.00E-174 489 60
439725 2.00E-174 483 100
439725 2.00E-174 483 100
439906 0 1098 82
439906 0 631 45
440119 0 729 74
440119 0 986 100
440119 0 986 100
440242 0 1400 100
440242 0 1400 100
440362 0 536 96
440362 0 560 100
440362 0 560 100
440362 0 560 100
440893 1.00E-89 281 17
440922 0 612 100
440922 0 612 100
440922 1.00E-111 323 52
441453 4.00E-145 406 100
441818 3.00E-122 350 83
441919 0 717 100
441919 0 717 100
441919 0 675 93
441942 0 756 100
442074 0 986 100
442074 0 986 100
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Appendix B Table 4

E. hux JGI gene ID E Value Score Hit Sim. in %
442074 0 986 100
442074 2.00E-168 478 48
442092 0 1285 100
442092 0 1285 100
442209 0 1371 100
442209 0 1371 100
442340 0 1291 100
442340 0 1291 100
442340 4.00E-169 486 37
442429 9.00E-157 437 100
442429 1.00E-151 424 98
442429 2.00E-151 424 98
442547 0 514 54
442547 0 953 100
442547 0 953 100
442547 0 946 100
442739 2.00E-168 475 57
443305 0 529 100
443320 0 890 100
443778 0 1395 100
443778 0 1395 100
443778 0 1400 100
443778 1.00E-176 507 37
443828 2.00E-109 312 100
443828 2.00E-109 312 100
443828 2.00E-109 312 100
443878 3.00E-160 446 100
443878 3.00E-160 446 100
443878 3.00E-160 446 100
443878 3.00E-160 446 100
444144 5.00E-99 301 23
444382 0 976 100
444382 0 976 100
444382 2.00E-174 493 50
444779 8.00E-154 429 100
444876 2.00E-174 484 100
444895 0 954 100
444895 0 954 100
444895 0 928 99
444895 3.00E-138 399 42
444955 1.00E-173 482 100
444955 1.00E-171 477 99
445002 4.00E-101 294 68
445073 6.00E-85 247 98
445255 5.00E-83 243 88
445439 0 891 62
445439 0 891 62
445566 6.00E-129 363 97
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Appendix B Table 4

E. hux JGI gene ID E Value Score Hit Sim. in %
445703 0 1545 100
445703 0 1545 100
445703 0 1404 93
445703 1.00E-167 487 32
446067 8.00E-175 484 99
446067 9.00E-167 464 98
446099 6.00E-175 485 100
446206 0 522 100
446206 4.00E-178 495 97
446237 1.00E-131 371 94
446255 0 511 61
446310 1.00E-154 431 100
446406 1.00E-166 464 100
446406 2.00E-111 321 68
446942 0 586 63
447219 6.00E-160 445 100
447219 7.00E-160 445 100
447219 7.00E-160 445 100
447219 3.00E-159 443 100
447372 2.00E-136 394 64
447695 0 566 60
448062 0 807 100
448062 0 807 100
448062 0 719 89
448193 0 1662 100
448193 0 1662 100
448193 3.00E-162 474 29
448569 0 688 100
448569 9.00E-157 442 65
448960 0 707 100
448960 0 707 100
448960 0 707 100
449047 2.00E-174 483 100
449047 2.00E-174 483 100
449865 0 1793 100
450336 0 1043 100
450336 0 1043 100
450594 2.00E-180 520 35
450615 0 1987 100
450615 0 1987 100
450615 0 1972 100
452198 0 569 74
452198 0 761 100
452198 0 761 100
452198 0 761 100
452284 1.00E-166 475 47
453068 6.00E-143 402 90
453373 0 672 100
453373 0 672 100
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Appendix B Table 4

E. hux JGI gene ID E Value Score Hit Sim. in %
454897 0 1457 100
454897 0 1457 100
455078 0 1662 100
455078 0 1662 100
455280 0 3069 100
455280 5.00E-176 529 17
455300 1.00E-178 496 100
455406 0 803 100
455406 0 803 100
456187 3.00E-125 353 100
456239 0 1311 100
456254 0 602 98
457572 1.00E-125 355 100
457856 8.00E-170 472 100
458081 5.00E-108 310 95
458081 1.00E-81 241 72
458122 0 798 100
458122 0 750 95
459601 5.00E-159 443 100
459601 6.00E-159 443 100
459601 6.00E-159 443 100
459601 9.00E-144 404 94
459734 0 837 100
459734 0 837 100
459736 0 546 29
459736 0 1874 100
459736 0 1874 100
459873 0 966 100
460004 1.00E-129 367 74
460492 0 885 100
460492 0 885 100
461181 0 829 100
461699 0 657 97
461699 0 678 100
461699 0 678 100
462385 0 507 74
462385 0 681 99
462385 0 681 99
462385 0 689 100
462433 4.00E-134 377 100
462452 0 2905 100
462452 0 2905 100
462452 0 2905 100
462457 0 973 100
462457 0 975 100
462457 0 975 100
462645 0 593 100
462645 0 593 100
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Appendix B Table 4

E. hux JGI gene ID E Value Score Hit Sim. in %
463036 0 666 92
463429 0 935 90
463837 0 2722 90
463837 0 3181 100
464103 0 778 99
464103 0 783 100
464103 0 783 100
464103 0 702 92
464599 0 1691 100
464599 0 1691 100
464599 0 1619 96
464740 0 4036 100
464740 0 4036 100
464972 0 514 89
464972 0 588 100
464972 0 588 100
465288 0 727 100
465288 0 727 100
465364 0 1316 100
465364 0 1279 99
465373 0 927 100
465373 5.00E-177 499 55
465509 0 1215 100
465509 0 1215 100
465509 0 1174 97
465547 0 628 100
465547 0 628 100
465547 1.00E-131 375 64
465676 0 1167 100
465926 8.00E-139 407 75
465926 3.00E-94 283 29
466230 0 783 87
466469 0 2164 58
466469 0 3430 93
466778 0 5901 89
466893 0 1835 100
466893 0 1818 100
466893 2.00E-163 482 27
468608 6.00E-143 401 100
468608 6.00E-143 401 100
468689 0 671 96
470712 0 541 100
470712 0 541 100
470997 0 1500 100
49364 6.00E-52 159 100
54552 0 608 100
61467 6.00E-172 478 100
61745 8.00E-137 384 100
61745 8.00E-137 384 100
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E. hux JGI gene ID E Value Score Hit Sim. in %
63832 0 830 100
64238 0 513 100
66170 1.00E-82 241 100
68547 0 835 93
68856 0 1446 100
68856 0 1446 100
68856 0 1446 100
69198 0 891 100
69198 0 891 100
69198 0 891 100
69773 5.00E-104 298 100
69773 5.00E-104 298 100
69773 5.00E-104 298 100
74095 0 501 100
74095 0 501 100
74335 4.00E-93 268 100
77411 0 658 100
77411 0 658 100
77411 0 658 100
77826 1.00E-152 426 96
78752 2.00E-175 487 100
78752 2.00E-175 487 100
78806 6.00E-58 176 100
79310 9.00E-131 368 100
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