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MECHANISMS OF CALCIFICATION IN COCCOLITHOPHORES 

By Charlotte Elizabeth Walker 

Coccolithophores are unicellular marine algae characterised by the production of 

calcite coccoliths. As a result of their calcification they contribute significantly to 

global biogeochemical cycles. Comprehensive understanding of the mechanisms 

behind calcification remains elusive, due in part to the research focus on one 

species, Emiliania huxleyi; the most globally abundant of all coccolithophores. It 

is imperative to investigate calcification in other species to better understand this 

biogeochemically important process, especially as the ecological success of E. 

huxleyi may be due to certain physiological differences with other species. This 

study set out to explore differences between species in the mechanisms of 

calcification in three primary areas. Firstly, the physiological requirement for 

calcification remains poorly understood, particularly as non-calcifying strains of E. 

huxleyi grow normally in laboratory culture. This study identified a contrast in the 

requirement for calcification between E. huxleyi and the ecologically important 

Coccolithus braarudii. Calcification disruption had no negative impacts on E. 

huxleyi but resulted in major growth defects in C. braarudii demonstrating an 

obligate requirement for calcification in this species. Secondly, the previous 

identification of Si transporters in some coccolithophores was further investigated 

using a combination of physiological and expression studies to identify that Si 

plays a role in heterococcolith calcification during their diploid life stage. C. 

braarudii Si transporters were also found to be regulated in response to available 

Si and shown to be expressed in natural populations. Finally, coccolith associated 

polysaccharides (CAPs) are an integral component of the calcification mechanism 

known to modulate the precipitation of calcite. The data presented here show that 

extracellular CAPs differ in structure and composition between species and that 

they also play an important role in the organisation of the coccosphere, expanding 

upon their role and importance in calcification. These findings mark crucial 

physiological differences between coccolithophore species. The identification of 

a requirement for calcification in coccolithophores highlights the importance of 

maintaining a coccosphere. The requirement for Si in some species suggests 

major physiological differences between species which may influence their 

ecology. Consequently, these contrasting physiological characteristics may 

contribute to significant differences in the response of coccolithophores to future 

ocean conditions.  
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1.1. Coccolithophore Introduction 

Coccolithophores (Haptophyta) are unicellular marine algae characterised by elaborate 

calcite platelets (coccoliths) found on the cell surface (Marsh, 2003; Brownlee & Taylor, 

2004) (Figure 1.1). Coccolithophores are key components of global phytoplankton 

communities with approximately 200 extant species in modern oceans (Young et al., 

2003) and an extensive fossil record covering the last 220 million years (Bown, 1998; 

Brown et al., 2004). Following their origin in the Triassic period (Brown et al., 2004) 

coccolithophores have increased in abundance and have played a key role in 

biogeochemical cycling ever since (Rost & Riebesell, 2004). 

 

Figure 1.1 Coccolithophores 

Scanning electron microscopy images of diploid heterococcolith bearing (a) Coccolithus braarudii, (b) 

Chrysotila carterae, (c) Emiliania huxleyi and (d) Scyphosphaera apsteinii. Scale bar denotes 10 µM.  

 

Coccolithophores inhabit coastal and open ocean environments and can thrive in 

oligotrophic waters.  Their small size (3 – 40 µM including coccosphere) and high surface 

to volume ratio decreases nutrient diffusion limitation (Brand, 2006). Coccolithophores 

are often associated with large blooms, with the majority of large-scale blooms formed 

by only two species, Emiliania huxleyi and Gephyrocapsa oceanica (Westbroek et al., 

1993; Brand, 2006). Coccolithophores are often thought to dominate in warm, stratified, 

nutrient-poor waters (Brand, 2006) and to optimise on low Si conditions following diatom 

blooms (Leblanc et al., 2009; Balch et al., 2014; Hopkins et al., 2015). The current 
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research focusses heavily on E. huxleyi but there are many other influential species, such 

as Calcidiscus leptoporus and Coccolithus pelagicus. These species contribute 

significantly to calcification in the oceans (Baumann et al., 2004; Daniels et al., 2014), 

do not form dense blooms and thrive in different ecological conditions. It is becoming 

increasingly obvious that different species have clear light intensity, temperature and 

nutrient optima making them subject to seasonal, vertical stratification and biogeographic 

distributions (Thierstein & Young, 2004; De Vargas et al., 2007).  

Coccolithophores significantly impact the fate of inorganic carbon (C i) and organic carbon 

(Co) on Earth through two important components of the carbon cycle; the organic carbon 

pump and the carbonate counter pump. The organic carbon pump involves the utilisation 

of CO2 for photosynthesis and as a result, coccolithophores increase long term 

atmospheric O2 and photosynthetically fix Ci into Co (Westbroek et al., 1993; Falkowski 

et al., 2005). Consequentially they are estimated to be responsible for between 1-10% of 

global carbon fixation (Poulton et al., 2007), increasing locally to as much as 40% under 

bloom conditions (Poulton et al., 2013). As coccolithophores sink a high proportion of the 

Co remineralises through degradation and respiration, releasing CO2 at depth.  

Coccolithophores contribute to the carbonate counter pump through the formation of 

calcite, of which they are responsible for approximately 50% of the global production 

(Milliman, 1993). The use of HCO3
- as the Co substrate for calcification leads to reduced 

alkalinity in surface waters and reduced capacity for carbonate and pH buffering.  

Moreover, the calcification process generates CO2, potentially leading to increased 

pCO2 in surface waters  (Westbroek et al., 1993). The production of coccoliths causes 

a continuous rain of calcium carbonate from surface waters to depth, maintaining the 

vertical alkalinity gradient of the water column through calcite dissolution (Archer, 1996; 

Milliman et al., 1999) and forming vast sedimentary deposits (Milliman, 1980; 

Steinmetz, 1994), for example the White Cliffs of Dover. Additionally, coccoliths act as 

a ballast which induces sinking of associated organic matter, aiding the transfer of 

organic matter to the deep ocean (Thierstein et al., 1977; Klaas & Archer, 2002).  

1.2. Coccoliths and Calcification  

Coccolith morphology varies significantly between species (Figure 1.1). and a 

comprehensive morphology-driven species-level taxonomy is clearly established (Jordan 

& Green, 1994; Winter & Siesser, 2006). Two categories of coccolith are associated with 

different life-cycle stages, heterococcoliths and holococcoliths. Diploid cells bear 

multicrystalline heterococcoliths which are produced internally in a specially derived 
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cellular compartment and are extruded to the cell surface once fully formed (Dixon, 1900; 

Taylor et al., 2007). Species such as Scyphosphaera apsteinii even exhibit two distinct 

heterococcolith types (dimorphic) (Figure 1.1d), found in variable arrangements. In 

contrast, holococcoliths are formed from single calcite crystals, are present in the haploid 

stage of the life cycle and are thought to be synthesised outside the cell (Rowson et al., 

1986; Young et al., 1999; Cros et al., 2000). For the purpose of this review, only 

heterococcoliths will be referred to from now on unless specified otherwise.  

Although coccolith production is pivotal to the biogeochemical importance of 

coccolithophores, many of the cellular mechanisms behind the process remain elusive. 

Coccolith production occurs internally, involving specially adapted cell organelles. The 

cell structures known to be closely associated with calcification include the coccolith 

vesicle (CV) and the reticular body (RB) (Figure 1.2). The CV is a Golgi-derived cellular 

compartment in which the coccolith is produced. The CV allows for the control of the 

intracellular environment within which calcification can be controlled by multiple cellular 

mechanisms (Brownlee & Taylor, 2004). The RB is a membranous structure closely 

associated with the CV and is thought to be key in providing calcification raw material 

(De Jong et al., 1976).  

For calcification to take place HCO3
- and Ca2+ have to be transported from the 

surrounding seawater into the CV (Figure 1.2). The transport of HCO3
- (Buitenhuis et al., 

1999; Herfort et al., 2002) is thought to involve Na+ co-transporters and Cl- antiporters 

(Mackinder et al., 2010). Ca2+ ions are also acquired from the environment: a study into 

E. huxleyi showed the strong upregulation of Ca2+/H+ antiporters in calcifying cells. It is 

suggested that Ca2+ is transported into the cell through protein channels down a strong 

Ca2+ gradient, it is then actively transported into the CV with Ca2+/H+ antiporters most 

likely operating to bring about loading of Ca2+ into the endomembrane system (Mackinder 

et al., 2010; Mackinder et al., 2011; Holtz et al., 2013).  
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Figure 1.2 Schematic of coccolithophore calcification 

General intracellular structures including the nucleus (Nuc), chlorplast (Chl), plasma membrane (PM), 

cytoplasm (Cyt) are shown alongside calcification associated organelles, Golgi body (GB), 

endoplasmic reticulum (ER), coccolith vesicle (CV) and reticular body (RB). The transport of 

calcification precursors Ca2+ and HCO3
- is depicted, based on previous studies (Mackinder et al., 2010; 

Mackinder et al., 2011; Holtz et al., 2013). See text for further details.  

A number of studies have explored the molecular mechanisms behind the transport 

processes shown in Figure 1.2. However, it should be noted there is a significant absence 

of genetic manipulation tools for any coccolithophore species which presents obstacles 

for progression in this field of study. Progress has been made in the identification of 

potential calcification relevant genes: firstly, GPA a coccolith associated protein thought 

to bind to Ca2+  was identified in extracellular polysaccharides of diploid calcifying E. 

huxleyi (Corstjens et al., 1998) and also analysed in gene expression studies (Mackinder 

et al., 2011). Other Ca2+ related proteins involved in a range of processes within the cell 

have also been identified (Wahlund et al., 2004; Quinn et al., 2006), including carbonic 

anhydrases which catalyse the interconversion of CO2 and H2O to HCO3
- and H+ (Quinn 

et al., 2006). Additionally, genes which have been found to be involved in 

biomineralisation in other organisms have also been identified (Nguyen et al., 2005). At 

this stage the findings from the studies are correlative, although it is very likely these 

genes are involved in calcification, we cannot be sure they do not have alternative 

functions. 
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Other potential calcification related genes identified include components involved in H+ 

transport. The calcification process produces H+ which may exert pressure on the internal 

pH homeostasis of the cell (Brownlee & Taylor, 2004; Suffrian et al., 2011). There are 

two H+ ion transporters thought to maintain the internal pH of a coccolithophore, one is a 

channel and one is an ATPase. Channels are transporters (co- or anti-) which utilise the 

gradient of an ion to drive the transport of another. In contrast, ATPases transport ions 

against their electrochemical gradients and use chemical energy derived from ATP to do 

so. The first of the two H+ ion transporters is a plasma membrane voltage-gated H+ 

channel (HVCN1), which was identified as active by electrophysiology (Taylor et al., 

2011). Although HVCN1 is clearly involved in pH maintenance, gene expression studies 

indicate it is expressed in both calcifying diploid and non-calcifying haploid E. huxleyi and 

therefore may serve a more general pH homeostasis role (Mackinder et al., 2011). The 

second is a vacuolar H+-ATPase which was shown to be upregulated in calcifying E. 

huxleyi (Mackinder et al., 2011), it is likely that this transporter is upregulated to cope 

with the increase in production of H+ during calcification and removal of H+ from the 

calcifying compartment. Correlating gene expression studies with electrophysiology 

strengthens the conclusions drawn about the functions of the HVCN1 channel, 

multidisciplinary approaches are essential in elucidating the function of transporters in 

the absence of genetic manipulation tools.  

With the publication of the E. huxleyi genome (Read et al., 2013) more work can now be 

undertaken to investigate functional characterisation through expression studies, 

heterologous characterisation and localisation studies. These approaches would enable 

a greater understanding of the genes which control calcification in E. huxleyi. In addition, 

essential comparisons can be made to other species in the future through the use of the 

transcriptomes of five additional coccolithophore species available from the Marine 

Microbial Eukaryote Transcriptome Sequencing Project (MMETSP): C. braarudii, C. 

leptoporus, S. apsteinii, G. oceanica and C. carterae (Keeling et al., 2014). 

Following the delivery of HCO3
- and Ca2+ ions into the CV the nucleation of calcite crystals 

occurs in a proto-coccolith ring around an organic base-plate scale. Subsequent crystal 

growth occurs in various directions to produce a complete coccolith  (Young et al., 1999). 

The formation of crystals is thought to be strongly regulated by coccolith associated 

polysaccharides (CAPs) and specific proteins (Van der Wal, P. et al., 1983b; Marsh, 

2003; Kayano & Shiraiwa, 2009; Hirokawa, 2013). The CAPs, CV and surrounding 

cytoskeleton  are thought to shape the coccoliths into their species-specific form (Young 

et al., 1999). Once the coccolith is fully formed, the CV fuses with the plasma membrane 

to extrude the coccolith onto the cell surface where it forms part of the coccosphere. The 
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CAPs remain associated with the coccoliths and are hypothesised to play a role in 

coccosphere organisation (van Emburg et al., 1986) and protecting the calcite from 

dissolution (Van der Wal, P. et al., 1983b).  

1.3. The Evolution of Calcification in Coccolithophores 

It is widely acknowledged that the evolution of photosynthetic haptophytes and the 

evolution of calcification are distinct (De Vargas et al., 2007). However, the phylogeny 

surrounding the origin of the haptophytes is uncertain. Haptophytes have previously been 

placed in the chromalveolates, a Eukaryotic super group (Cavalier-Smith, 2003). The 

chromalveolates contain chlorophyll-c and are thought to have originated through a 

single secondary endosymbiotic event when an Amoebozoic host engulfed a red alga 

(Cavalier-Smith, 1982). However this grouping has now been challenged. Subsequent 

phylogenies placed the haptophytes in the Hacrobia (Burki et al., 2012) and most recently 

it has been suggested they acquired their plastid from the Stramenopiles  (Stiller et al., 

2014; Dorrell et al., 2017). Although there is a lot of uncertainty surrounding the origin of 

the haptophytes, the phylogeny within the haptophytes has been well resolved due to 

multiple gene phylogeny studies (Medlin et al., 2008; Liu et al., 2010). 

Coccolithophores are distinguished from other haptophytes because of calcification. 

Other haptophytes include the Pavlovales, Phaeocystales and Prymnesiales. All of which 

are non-calcified but have the characteristic haptonema, an organelle thought to be 

involved in feeding and/or attachment (Lewin, 1992). As a result of their calcite 

coccoliths, coccolithophores have been reliably identified in the fossil record as early as 

~220 million years ago (MYA) (Bown et al., 2004). However, it is suggested that early 

coccolithophores predominantly occurred in coastal waters where conditions for 

preservation in the sediments are unfavourable (Young et al., 2005). As a result, the 

fossil record may not be completely accurate in its depiction of calcification evolution.  

It is clearly important to include multiple lines of evidence when trying to deduce the point 

at which calcification evolved in haptophytes. Combining the fossil data and comparing 

this to molecular analysis is one such method to attempt to accurately infer the point of 

calcification evolution. In this case, the evidence for the origin of potentially calcifying 

haptophytes is supported by both the molecular clock data and the fossil records. The 

molecular data places the origin at ~270-240 and ~200MYA for the small subunit (SSU) 

and large subunit (LSU) ribosomal DNA clocks respectively (De Vargas et al., 2007). 

These findings correlate with the previously mentioned ~220MYA fossil data (Brown et 
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al., 2004). It is possible to conclude that there is reasonably robust evidence for the 

timescale of coccolithophore evolution.  

In order to fully understand the evolution of calcification it is important to reflect on the 

ocean environment coccolithophores would have inhabited in the late Triassic. 

Coccolithophores originated in a period where the atmospheric CO2 concentration was 

four to six times higher than today (Katz et al., 2007), which is interesting as current and 

predicted high CO2 levels have widely been considered a threat to calcifying organisms 

(Doney et al., 2009). The CO2 in the atmosphere forms a net flux of CO2 into the surface 

ocean, therefore the more CO2 released by anthropogenic activity causes an increase in 

ocean pCO2. The ocean pH is causatively reduced and the carbonate (CO3
2-) ion 

concentration lowered, resulting in a reduction in the calcite saturation state (Ω) of the 

ocean. The result of these factors is that the conditions for the formation of calcareous 

structures are less favourable (Doney et al., 2012).  The factors that may have buffered 

the Triassic carbonate chemistry to enable calcite deposition within these conditions 

remain debated, however it is considered that a relaxation of the calcification inhibitory 

chemistry in the Paleozoic is a large contributor (De Vargas et al., 2007). In addition to 

these changes, seawater was considered to be highly oversaturated with respect to 

calcite and aragonite (Ridgwell & Zeebe, 2005) due to little or no calcification occurring 

at the time combined with the weathering of exposed carbonates (Walker et al., 2002). 

These factors lead to the available HCO3
- necessary for calcification.  

Ca2+ was also readily available 220 MYA and at higher concentration (approximately 15 

mM) than in modern oceans (10 mM) (Hönisch et al., 2012). Interestingly calcification has 

been suggested as a method to cope with Ca2+ poisoning (Müller et al., 2015). Ca2+ 

homeostasis is of upmost importance as it is a vital cell signalling molecule and excessive 

influx can be lethal (Clapham, 1995) therefore, the utilisation of large amount of Ca2+ for 

calcification may buffer the influx of Ca2+ from the environment.  

 It is likely the environmental conditions played a role in the evolution of calcification in 

coccolithophores; it has been suggested that the mechanisms for calcification were already 

in place in the cells but the environmental conditions at the time drove them into novel roles 

resulting in calcification (Westbroek & Marin, 1998).  De Vargas et al. (2007) reviews the 

evidence that the mechanisms behind calcification were already present prior to the 

evolution of coccolithophore calcification, and that calcification is the result of new 

associations in existing biochemical pathways (De Vargas et al., 2007). One such 

example is the polysaccharides that are associated with coccolith construction, notably 

the regulation of calcite precipitation (Marsh, 2003).  Polysaccharides that inhibit 
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calcification and control skeleton growth have been reported to have first evolved in 

oceans in the Proterozoic Era (Marin et al., 1996), suggesting the polysaccharides 

involved in coccolith production existed long before their recruitment to a calcification 

role in coccolithophores. Supporting this theory is the estimate that carbonate (calcite or 

aragonite) skeletons evolved independently at least 28 times in eukaryotes (Knoll, 2003). 

In light of this observation, it also prompts the question as to whether coccolithophores 

evolved calcification once or multiple times independently.  

Biomineralisation within the haptophytes is not limited to the coccolithophores, which 

may support the theory that the cellular mechanisms for calcification were present in 

coccolithophores prior to calcification evolution. For example, Prymnesium neolepis 

(formerly Hyalolithus neolepis) is a Prymnesiales that has evolved the ability to 

biomineralise using silicon (Si) as opposed to calcite. P. neolepis is covered with 

coccolith-like silica scales (Yoshida et al., 2006; Edvardsen et al., 2011) which are 

produced intracellularly and then deposited outside the plasma membrane in a 

comparable mechanism to coccolith secretion (Yoshida et al., 2006; Taylor et al., 2007). 

The Prymnesiales are estimated to have diverged from the coccolithophores around 280 

MYA (Liu et al., 2010) and P. neolepis is the only known extensively silicified haptophyte. 

Understanding whether common cellular mechanisms contribute to silica scale 

production in P. neolepis and coccolith formation in the coccolithophores may help us to 

understand how these different forms of biomineralisation have evolved within the 

haptophyte tree. As an example of independently evolved biomineralisation within the 

photosynthetic haptophytes, P. neolepis also supports the theory that independent 

evolution of calcification within the coccolithophores is possible.  

 

The lineage of Isochrysidales (Figure 1.3) is of particular interest as it contains species with 

various degrees of calcification, it has been hypothesised that these species may be 

evidence of multiple independent emergences of calcification. There are examples of non-

calcifying coccolithophores within the Isochrysidales: Isochrysis spp. and Ruttnera 

lamellosa. (formerly Chrysotila lamellose). R. lamellosa produces organic base-plate 

scales, a suggested pre-cursor for coccoliths (De Vargas et al., 2007) and mucus-containing 

polysaccharides, potentially similar in function to those that are involved in the regulation of 

coccolith production (Green & Course, 1983). E. huxleyi is found within the Isochrysidales 

and is generally considered  an atypical coccolithophore (Paasche, 2001). One of the 

reasons is that E. huxleyi only produces a singular coccolith at any one time (Van der Wal, 

P. et al., 1983b), whereas C. pelagicus and Chrysotila carterae (formerly Pleurochrysis) can 

have multiple coccoliths in production at one time (Van der Wal, P. et al., 1983b). 
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Additionally E. huxleyi and closely related genus Gephyrocapsa have a non-calcifying 

haploid life cycle stage (Cros et al., 2000) (unlike other genera). E. huxleyi is also able to 

grow in culture in a non-calcified state, these cultures are fully-calcified on initial isolation 

but lose the ability over time with no apparent negative impact on cellular fitness (Paasche, 

1998). However, whether or not this is the case for other species of coccolithophore remains 

largely unknown.  

It is also important to consider that the loss of the calcification mechanism in Isochrysis is 

also possible. The loss of the calcification mechanism in Isochrysis in terms of evolutionary 

events would require one loss event, whereas the independent evolution of calcification 

would require at least two events within the coccolithophores. Although the field has not yet 

fully elucidated the evolutionary state of calcification within the Isochrysidales, more 

research into differences in calcification mechanisms would shed light on this debate.  

 

Figure 1.3 Coccolithophore phylogeny 

Schematic tree based on multi-gene phylogeny (Liu et al., 2010) depicting families and species of 

extant coccolithophores focussed on within this thesis. 

The Braarudosphaera genus is another interesting example of potential independent 

calcification evolution to consider.  Braarudosphaera is a pentalith calcifying haptophyte 

genus, although the coccoliths are relatively simple in structure in comparison to 

heterococcoliths. Braarudosphaera was previously considered to be a coccolithophore 

due to the coccolith structure and single gene phylogenetic studies (Takano et al., 2006). 

Some recent single gene phylogenetic studies have been published (Thompson et al., 

2012; Hagino et al., 2013) suggesting its close relation to the Prymnesiales. These 

findings suggest that Braarudosphaera has evolved calcification independently to the 

other coccolithophores, supporting the theory that calcification may have evolved 
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independently on multiple occasions. However, currently these studies are only based 

on single gene phylogenies and leave uncertainty about the true location of 

Braarudosphaera in the haptophyte tree, this is largely due to the difficulty to culture this 

genus.  

To conclude, calcification is likely to have evolved approximately 220 MYA, supported by 

both molecular clock and fossil data. There is evidence that the cellu lar components were 

present prior to the evolution of the calcification mechanism and that favourable 

environmental conditions may have driven the development of the process. There is 

evidence for multiple emergences of calcification in both the coccolithophores, however 

this is yet to be fully resolved.  

1.4. The Role of Calcification 

Another discussion surrounding coccolithophore calcification that is closely linked to its 

evolution is why coccolithophores calcify (Monteiro et al., 2016). The most prominent 

theory is that the coccoliths evolved protect the coccolithophore mechanically (Dixon, 

1900; Young, 1987; Jaya et al., 2016) and from a variety of external factors: grazing, 

bacterial infection, viral attachment and excessive light exposure (Tyrrell & Merico, 2004; 

Monteiro et al., 2016). However, there are studies that have reported that the coccoliths 

do not significantly protect the cells against other organisms, detailed below. For these 

studies E. huxleyi is very useful as it has both calcified and non-calcified states, i.e. some 

laboratory cultures have lost the ability to calcify over time with no known negative 

impacts on cellular fitness. These studies revealed that there is some ambiguity when 

comparing the rate of grazing on calcified and non-calcified E. huxleyi. Studies have 

shown that calcified cells are ingested at a slower rate (Kolb & Strom, 2013; Harvey et 

al., 2015), an equal rate or at a faster rate than non-calcified cells (Sikes & Wilbur, 1982; 

Harris, 1994; Hansen et al., 1996; Harvey et al., 2015). Additionally, despite the 

production of an intact coccosphere, diploid cells of E. huxleyi are still subject to viral 

infection.  Indeed viruses have been shown to play important roles in the termination of 

blooms of E. huxleyi (Wilson et al., 2002).  

There is evidence that some species utilise the coccosphere to regulate light entering 

the cell. Calcium carbonate reflects light and therefore blocks a proportion of light hitting 

the cell.  This may potentially protect cells from photoinhibition or other forms of stress 

arising from high light.  However, mixed results have been observed in experiments 

designed to test the role of coccoliths in prevention of  photoinhibition, E. huxleyi cells 

can increase coccolith production at higher intensities of UV radiation (Guan & Gao, 
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2010) and are also a dominant component of the phytoplankton communities at high light 

intensities (Nanninga & Tyrrell, 1996). In contrast, E. huxleyi has been shown to be 

resistant to photoinhibition even without a coccosphere (Balch et al., 1992; Houdan et 

al., 2005). S. apsteinii, the previously described dimorphic coccolithophore, exhibits a 

change in the ratio of coccolith type in response to different light intensities. Under high 

light intensities there are fewer large, barrel shaped lopadoliths produced as opposed to 

the small, ovoid shaped, muroliths. The different coccoliths (Figure 1.1) may play a 

different role in the light protection of the cell, however very little work has been done on 

this species and a lot remains unclear as to the role of the two distinct coccolith types 

(Drescher et al., 2012). In contrast, light channelling for photosynthesis has been 

suggested for deep water species Florisphaera profunda and Gladiolithus flabellatus 

where the coccoliths are arranged in a flower-like cup-shaped structure, reviewed 

Monteiro et al. (2016). Unfortunately these species are not able to be kept in culture 

which limits the application of experimental approaches to understand the roles of 

calcification.  

Until recently it was considered the ballast effect of the calcite may play a role in 

regulation of sinking: coccoliths affect the velocity at which coccolithophores sink 

(Buitenhuis et al., 2001; Bach et al., 2012; Hoffmann et al., 2015), sinking was thought 

to enable the coccolithophores to regulate their environmental factors such as nutrient 

availability (Gerecht et al., 2015), predator avoidance or light regulation. However, 

modelling data has demonstrated it there is little statistical support for the ballast effect 

hypothesis (Monteiro et al., 2016).  

A highly debated proposed function for calcification is its potential role in providing CO2 

for photosynthesis.  The carbon concentrating mechanism (CCM) is a crucial process in 

coccolithophores and the organic carbon pump. CCMs are required in phytoplankton as 

CO2 diffusion rates are not high enough to account for the photosynthetic rates 

(Falkowski & Raven, 2013). Coccolithophores have biophysical CCMs, which act to 

specifically increase the concentration of CO2 at the point of C-fixation by influencing the 

transport of DIC. They involve carbonic anhydrases (CA), DIC transport mechanisms and 

pH regulation (Falkowski & Raven, 2013), which all combine to enhance the delivery of 

CO2 to Rubisco (Reinfelder, 2011). Calcification produces H+, if HCO3
- is used as the 

external substrate and these H+ could be used to drive the dehydration of HCO3
- to CO2, 

presumably catalysed by carbonic anhydrase (Paasche, 2001). Calcification could 

therefore potentially act as a CCM. However, a number of studies have shown that it is 

possible to inhibit calcification through reducing external calcium whilst photosynthesis 

and growth remains unaffected (Paasche, 1964; Herfort et al., 2002; Trimborn et al., 
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2007; Leonardos et al., 2009). Moreover, Bach et al. showed, by manipulating the 

external carbonate chemistry, rather than providing a source of DIC for photosynthesis, 

calcification appeared to be in direct competition with photosynthesis for available DIC. 

These results indicate calcification does not function as a CCM (Bach et al., 2013) and 

are supported by other investigations (Buitenhuis et al., 1999; Riebesell et al., 2000; 

Zondervan et al., 2001).  

There is very little information available on the cellular and molecular mechanisms of the 

CCM in coccolithophores, Bach et al. show multiple upregulated genes in E. huxleyi at 

low DIC which have the characteristics of a CCM that is responsive to CO2 and HCO3
- 

(Bach et al., 2013). Although it is known that E. huxleyi has an inducible CCM under low 

DIC, the molecular mechanisms of the CCM have not been explored in other 

coccolithophores. 

Many studies have explored the question, why do coccolithophores calcify? Taking each 

theory presented here into account it is likely that different species rely more heavily on 

different adaptations of coccoliths, hence their differences in morphology.  This does not 

mean they did not evolve the mechanism for the same initial purpose, but have adapted 

to the different benefits calcification can provide. This hypothesis is strongly supported 

by the recent review by Monteiro et al. (2016) which  concludes that a protective role is 

the most likely origin of calcification. Additionally the review also proposed that other 

roles may be more important in certain ecological niches, for example light focusing 

coccoliths in deep-waters species. The evidence presented here indicates a need to treat 

species with a degree of separation and not rely on the E. huxleyi model across the 

coccolithophore phylogenetic tree. To fully appreciate the variety among 

coccolithophores we need to understand more about the physiology and role of 

calcification in diverse extant species. 

1.5. Differences between Species 

Coccolithophores exhibit a high level of morphological diversity (Figure 1.1), which 

underpins a morphology-driven taxonomy (Jordan & Green, 1994; Winter & Siesser, 

2006). How these morphological differences are achieved are unknown and have 

prompted investigation into differences within the cellular mechanisms of coccolith 

production in different species. It is important to consider the reported differences 

between species of coccolithophores, detailed below. It is prudent at this point to reiterate 

that studies have largely focussed on E. huxleyi so most comparisons will be made in 

reference to this species.   
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There are some variations in cell ultrastructure between species, particularly in 

calcification associated organelles. These variations produce small logistical differences 

in coccolith production. Microscopy studies have shown the number of coccoliths in 

production inside a cell differs between species. The CV is singular in E. huxleyi with 

only one coccolith being produced at a time, within C. carterae and C. pelagicus multiple 

CVs have been observed with coccoliths at varying stages of production (Van der Wal, 

P. et al., 1983b). However it important to note that in C. pelagicus this observation is 

uncommon. The RB has been widely reported in E. huxleyi (Brownlee & Taylor, 2004). 

Similar structures have been observed in Gephyrocapsa oceanica, Coccolithus braarudii 

(Taylor et al., 2007) and S. apsteinii (Drescher et al., 2012) but appear to be absent in 

C. carterae (Marsh, 1994).  

It has been suggested that polysaccharides play a key role in the delivery of Ca2+ to the 

CV in the absence of a RB (Marsh, 1994; Marsh, 1996) in addition to their role in 

regulating the precipitation of calcite (De Jong et al., 1976; Marsh, 1994; Marsh, 1996; 

Ozaki et al., 2007). Chrysotila sp. have three CAPs associated with the CV, an additional 

two more than other studied species (Marsh, 1994; Ozaki et al., 2004; Ozaki et al., 2007; 

Kayano & Shiraiwa, 2009). Based on these observations attempts have been made to 

quantify the cost of producing such a large quantity of polysaccharide. In C. carterae 

CAP production has been estimated to cost up to 50% of the total fixed organic carbon, 

a high cost of production (Brownlee & Taylor, 2004). However, these estimates are based 

on the hypothesis that Ca2+ transport to the site of calcification is achieved by 

polysaccharide binding. The direct quantification of polysaccharide per coccolith has 

resulted in estimates showing CAPs produced by E. huxleyi and C. braarudii  require 7% 

and 0.2% of fixed organic carbon respectively (Monteiro et al., 2016). Further work is 

clearly needed to more accurately determine the metabolic cost of CAP production in 

different species.  

Lee et al. (2016) extracted CAPs integrated within the crystal structure of the coccoliths 

and found differences in polysaccharide size and uronic acid content between species 

and strain. Uronic acid is of interest as the negatively charged acidic groups may bind to 

Ca2+ and modulate calcite precipitation (De Jong et al., 1976; Ozaki et al., 2007; Kayano 

& Shiraiwa, 2009). The study found that uronic acid content is linked to the extent to 

which a strain is calcified, i.e lightly calcified E. huxleyi cells had a very low uronic acid 

content and highly calcified cells had a higher uronic acid content. These observations 

directly correlate with the proposed role of uronic acid residues in the CAPS. Other 

studies have extracted CAPs, however different studies have used different extraction 

procedures. Some investigations include the whole cell (Kayano & Shiraiwa, 2009), some 
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have isolated the coccoliths (Ozaki et al., 2007) and in others the coccoliths have been 

stripped of all exterior organic material (Lee et al., 2016). There is a lack of clarity in the 

definition of the CAPs in current literature; differences observed between species 

highlight the need for further study into their role or, more likely, multiple roles. Following 

clear definition of function we can accurately extrapolate the energetic expenditure the 

cells exert into the production of CAPs.  

Coccolith composition also varies between species, notably the presence of Si, which 

has been identified in S. apsteinii coccoliths but has not currently been reported in the 

coccoliths of other species (Drescher et al., 2012). Furthermore, Durak et al. (2016) have 

identified diatom-like Si transporters known as SITs and SITLs in a selection of 

haptophytes, not only in the silicified species P. neolepis but also in some important 

coccolithophore species (Durak et al., 2016). This is very surprising as it has been largely 

assumed that coccolithophores do not have a Si requirement, allowing them to colonise 

diatom Si-depleted waters (Yool & Tyrrell, 2003). Not all of the species analysed were 

found to have the SITs or SITLs: E. huxleyi and G. oceanica, bloom forming species, are 

not among those with identified Si transporters. Those that were found to have SITLs 

include the important marine calcifiers, C. braarudii and C. leptoporus, which contribute 

significantly to calcite flux to the deep ocean in large parts of the Atlantic (Baumann et 

al., 2004; Daniels et al., 2014). The cellular mechanisms through which Si contributes to 

the calcification process are yet unknown. Durak et al. (2016) hypothesise Si may 

stabilise an amorphous calcium carbonate phase during the formation of the coccoliths  

(Gal et al., 2012; Durak et al., 2016), however no evidence of an amorphous calcium 

carbonate phase has yet been identified in coccolithophores. A Si requirement in some, 

but not all species, may explain why E. huxleyi and G. oceanica are able to form large 

blooms in diatom Si-depleted water whereas C. braarudii and C. leptoporus blooms do 

not achieve the same cell density. More research is needed to fully understand this 

requirement.  

Some calcification mechanisms appear to differ between species, but the fundamental 

requirement to calcify at all may furthermore separate species. Some coccolithophores 

have the ability to grow in a non-calcified state. For example, it is has been widely shown 

that in low Ca2+ experiments, E. huxleyi will switch to a non-calcified state and continue 

to grow (Herfort et al., 2004; Trimborn et al., 2007; Leonardos et al., 2009). Chrysotila 

sp. have shown a similar adaptation (Marsh, 2003). In addition to this response to low 

Ca2+, E. huxleyi has been observed both losing and gaining the ability to calcify in low 

phosphorus conditions (Paasche, 1998). This range of studies suggests there is no 

obligate requirement for calcification in coccolithophores. However, we do not know if 
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this is the case for all species, for example C. braarudii has not been shown to exhibit 

these adaptations (Marsh, 2003). Further exploration of this is needed to fully understand 

the reliance and role of calcification. 

There is clear evidence for different mechanisms and requirements for calcification 

between different species of extant coccolithophore. When looking into their evolutionary 

history we see evidence of either multiple independent evolutionary events of 

calcification, or the progressive loss of these characteristics. Further exploration into 

whether or not coccolithophores calcify by the same mechanisms will shed light on the 

role and origin of the calcification mechanism.  

1.6. Current Study 

The variation in coccolith morphology, requirement for calcification and known 

mechanisms of coccolith production points towards the need to examine mechanisms of 

calcification in a broad range of coccolithophores. The field has seen an overreliance on 

E. huxleyi as a model organism, the evidence presented here clearly outlines the atypical 

nature of this species and the need to include others when investigating the 

coccolithophores as a whole.  

This review has outlined some distinct physiological differences between species, 

including the presence of Si transporters in some ecologically important species; 

ambiguities in the requirement for calcification; and physiological and biochemical 

differences in species CAPs. These observations create the foundations for the 

investigations conducted in this thesis, each of which is outlined below.  

1. The effect of germanium on coccolithophores 

Germanium (Ge) was used to explore the role Si plays following the identification 

of Si transporters (SITs and SITLs) in some species of calcifying coccolithophore. 

Ge is a Si analogue, known to disrupt Si transport and silicification in other 

organisms. Ge was used on a range of coccolithophore species, including those 

with and without Si transporters, to elucidate the process in which Si is required.   

2. The differing requirement for calcification in ecologically important 

coccolithophores  

E. huxleyi is known to be able to exist in a non-calcified state in laboratory culture, 

however it is not clear if this ability is widespread throughout the coccolithophores. 

This chapter investigates the requirement for calcification in C. braarudii, an 
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ecologically important species not known to grow in laboratory culture in a non-

calcified state. Multiple independent calcification disruption tools were utilised to 

disentangle the impact of calcification disruption upon these species, whilst using 

E. huxleyi as an important comparison with which to ground the results.  

3. Molecular characterisation of Si transporters in Coccolithus braarudii 

In order to clearly define the requirement for Si in coccolithophores, Chapter 4 

explores the regulation of SITLs in C. braarudii in response to changing Si 

availability; compares haploid and diploid SITL expression; and explores whether 

SITLs are actively expressed in natural populations.  

4. Investigating coccolith associated polysaccharides 

CAPs have been identified as an important calcification component but 

additionally have been cited as the source of some clear species differences. This 

chapter focusses on examining diversity in role and structure of extracellular 

polysaccharides in a variety of coccolithophore species.   
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2.1. Abstract 

Calcification by coccolithophores and silicification by diatoms play an important role in 

ocean biogeochemical cycles. It was previously thought that coccolithophores do not 

require silicon (Si) which allowed them to often succeed diatoms following Si depletion 

by diatom silicification. The recent identification of diatom-like Si transporters (SITLs) in 

some species of calcifying coccolithophore has thrown this into question. In this study 

we utilise the Si analogue Ge to investigate the role Si transport plays in species of 

coccolithophore with SITLs. Ge has been well documented to disrupt Si transport in other 

organisms, here we demonstrate that the application of Ge has a dramatic effect on the 

calcification mechanism in coccolithophores with SITLs, implying a role for Si in 

calcification. At low Ge/Si ratios the Ge causes the production of aberrant coccoliths 

which cannot integrate into the coccosphere and are subsequently discarded. Using a 

range of physiological measurements it was shown that Ge has no general toxic effects 

on cellular health. Additionally we saw a close correlation between the effect of Ge on 

calcification disruption and the distribution of SITLs as Ge did not negatively impact 

coccolithophore species without Si transporters. As a result, we hypothesise that Si is 

directly involved in calcification, indicating that Si contributes to very different forms of 

biomineralisation in diatoms and coccolithophores.   
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2.2. Introduction 

Coccolithophores are unicellular marine algae characterised by elaborate calcite 

platelets (coccoliths) which they produce internally and extrude to the cell surface 

(Marsh, 2003; Brownlee & Taylor, 2004; Taylor et al., 2017). Diatoms, another important 

group of unicellular marine eukaryotes, produce a two-part silica frustule that encases 

the cell body. Coccolithophores and diatoms dominate global eukaryotic phytoplankton 

communities, often forming vast blooms and contributing as much as 10% (Poulton et 

al., 2007) and 20% (Falkowski et al., 1998) to global carbon fixation, respectively. 

Biomineralisation in coccolithophores and diatoms is of particular importance for ocean 

nutrient cycling.  Seasonal succession models infer that coccolithophores often succeed 

diatoms following Si depletion by diatom silicification, leading to limitation to diatom 

growth and allowing the non-Si requiring coccolithophores to out-compete the diatoms 

for other available nutrients (Balch et al., 1992; Leblanc et al., 2009; Hopkins et al., 2015). 

However, the identification of diatom and diatom-like Si transporters (SITs and SITLs) in 

some species of coccolithophore has raised the question of the role these transporters 

play in calcifying organisms (Durak et al., 2016).  

SITs, first described in diatoms (Hildebrand et al., 1997), are Na-coupled silicic acid 

uptake transporters. Each SIT is comprised of two identical sets of five transmembrane 

domains (TMDs) (Figure 2.1a). The transport site of each set of five TMDs is proposed 

around repeated EGxQ and GRQ motifs, featuring at TMD2-3 and TMD7-8.  SITs have 

been well characterised in diatoms and their expression linked to Si availability, frustule 

formation and life-cycle stage (Thamatrakoln & Hildebrand, 2007). SITs have also been 

identified in other organisms including choanoflagellates (Marron et al., 2013) and 

haptophytes (Durak et al., 2016). 

The initial identification of SITs in haptophytes was in Prymnesium neolepis. P. neolepis 

diverged from the coccolithophores approximately 280 MYA (Liu et al., 2010) and differs 

in biomineralisation mechanism by producing a cell covering of silica scales in place of 

calcite coccoliths (Yoshida et al., 2006; Edvardsen et al., 2011). Analogous to coccoliths, 

the silica scales are produced internally and extruded to the cell surface (Yoshida et al., 

2006; Taylor et al., 2007).  Investigation into the P. neolepis transcriptome (Keeling et 

al., 2014) revealed a protein encoding sequence exhibiting similarity to diatom-SITs. P. 

neolepis SITs also have 10 TMDs and the pair of transport motifs (EGxQ and GRQ) 

between TMD2-3 and TMD7-8 (Durak et al., 2016). Surprisingly SITs were also identified 

in the calcifying coccolithophore Scyphosphaera apsteinii in the same study (Durak et 

al., 2016). The discovery of SITs in P. neolepis is both interesting and logical; as a 
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silicified organism, it clearly requires Si transport. However, to find apparent components 

(i.e. Si transporter genes) of conserved biomineralisation mechanisms between diatoms 

and haptophytes is unprecedented.  

Further analysis of the S. apsteinii transcriptome revealed the presence of another similar 

transporter made up of five TMDs, exhibiting similarity to the repeated five TMDs in 

diatom SITs. It was termed a diatom-like Si transporter (SITL) and was identified in other 

coccolithophore species, Coccolithus braarudii and Calcidiscus leptoporus (Durak et al., 

2016) (Figure 2.1a). In contrast, the bloom forming species Emiliania huxleyi and 

Gephyrocapsa oceanica, and the well-studied Chrysotila carterae (formerly 

Pleurochrysis carterae), did not have SITLs present in their transcriptome (Keeling et al., 

2014), or genome in the case of E. huxleyi (v1) (Nordberg et al., 2013).  The currently 

limited information on SIT/L distribution in coccolithophores is shown in Figure 2.1b. 

 

Figure 2.1 The structure and distribution of SITs and SITLs in coccolithophores 

a) A schematic image of the domain architecture of the SITs and the SITLs indicating the 

approximate position of the transmembrane domains and of the conserved motifs.  b) A 

schematic tree adapted from Durak et al. (2016), based on multiple gene phylogenies (Liu et al., 2010), 

transcriptome (Keeling et al., 2014) and genome (Nordberg et al., 2013) analysis to show the 

distribution of SITs and SITLs in coccolithophores. Interestingly there is a lack of identified Si 

transporters in two distinct groups, the Pleurochrysidaceae and Isochrysidales. 

The presence of SITLs in some species of calcifying haptophytes is a particularly 

interesting revelation. In fact, recent research has found SITLs in various eukaryotic and 
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prokaryote lineages (Marron, Alan O. et al., 2016). Marron, Alan O. et al. (2016) proposes 

that SITLs are actually the ancestral form of Si-transporters that potentially acted as 

efflux transporters that maintained low cellular Si levels in the high seawater Si 

concentration in the Precambrian period. It has been proposed that the duplication and 

fusion of the five TMD SITL in a common ancestor of haptophytes and diatoms has led 

to the wide distribution of SITs with multiple cases of gene loss occurring throughout 

evolution leading to the absence of SITs in many lineages. It is clear that a thorough 

understanding of the SITL functionality and role they play in non-silicified organisms is 

essential to elaborating on this interesting hypothesis.  

In addition to understanding the evolution of Si transporters, the production of biosilica is 

of particular interest for commercial utilisation, including as drug delivery vehicles, 

biosensors, catalytic systems and tissue engineering scaffolds (Gordon et al., 2009; 

Patwardhan, 2011).  Biosilica structures are incredibly strong, diatom frustules are 

amongst the strongest known biological material per unit of density (Aitken et al., 2016). 

Moreover, biosilicification occurs at ambient temperatures and pressures, producing an 

amazing diversity of nanostructured frameworks which artificial production methods have 

yet to achieve (Mann & Ozin, 1996; Kröger et al., 1999). A full understanding of the role 

Si plays in coccolithophores will add to the greater understanding of biogenic Si utilisation 

and the roles it plays in additional mineralised structures.  

Biomineralisation is an incredibly important process as it greatly influences global 

biogeochemical cycling. The Si cycle is of specific interest due its close coupling to the 

carbon cycle (Treguer et al., 1995). Si is particularly influential in the surface ocean 

environment and therefore identification of the role Si plays in coccolithophores is 

imperative. Until this revelation coccolithophores were not thought to utilise Si, and the 

distinction between calcification and silicification is thought to allow coccolithophores to 

be unaffected by very low levels of Si that occur as a result of Si removal by diatom 

silicification (Sullivan & Volcani, 1981; Treguer et al., 1995; Leblanc et al., 2009; Balch 

et al., 2014; Hopkins et al., 2015; Marron, Alan O. et al., 2016). This may still be the case 

for those species without SIT/Ls but until we fully understand the role Si plays in other 

coccolithophores we cannot appreciate the extent to which Si availability affects their 

physiology and ecology.  

One way to explore the role of Si is to utilise germanium (Ge), a Si analogue which is 

known to disrupt Si transport in biological systems (Azam & Volcani, 1981). Ge and Si 

are both found in group 14 in the periodic table and have similar atomic radii (2.11 and 

2.10 Å respectively) which results in similar chemical properties (Jolly, 1966; Azam & 
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Volcani, 1981; Chemistry, 2018). Diatom SITs have been shown to uptake Si from 

seawater in the form of Si(OH)4 (Hildebrand et al., 1997; Hildebrand et al., 1998) which 

is also likely to be the case for haptophyte SIT and SITLs, although this is yet to be 

demonstrated. It is thought that Ge is competitively transported through SITs in the form 

of Ge(OH)4, demonstrated by its successful utilisation as a radiotracer for Si(OH)4 uptake 

in diatoms (Thamatrakoln & Hildebrand, 2008) and modelling studies in 

choanoflagellates (Marron, A. O. et al., 2016). The reason Si transport is not disrupted 

by naturally occurring Ge is thought to be because Si is far more abundant which negates 

any effect of naturally occurring Ge. Si forms 27.7% of the lithosphere whereas Ge only 

forms 1.4 x 10-4% (Tréguer & Rocha, 2013). A similar scenario also exists in the oceans; 

the average concentration of Si is 70 µM however, as a result of diatom uptake the 

concentration is often <10 µM in surface waters (Martin‐Jézéquel et al., 2000). The Ge 

concentration has been shown to be tightly correlated at Ge/Si ratio of 0.76 x 10 -6 (Sutton 

et al., 2010) whereby the average surface water Ge concentration is <7.6 pM.  

Although Ge is not shown to be disruptive to Si transport in marine environments (pM), 

when utilised at higher concentrations (µM) in vitro it has a significant effect on the 

formation of biosilica. Uptake of Ge into siliceous structures has been well documented 

in sponges (Simpson, 1981; Simpson et al., 1985), chrysophytes (Klaveness & Guillard, 

1975; Lee, 1978) diatoms (Safonova et al., 2007; Basharina et al., 2012) and 

choanoflagellates (Marron, A. O. et al., 2016). In sponge studies Ge has been found to 

cause spicule deformations (Simpson, 1981; Simpson et al., 1985) and in diatoms causes 

the production of aberrant frustules (Safonova et al., 2007). Ge is cited as a direct and 

specific competitive inhibitor of Si transport and is known to prevent Si uptake at a Ge/Si 

ratios >0.05 in diatoms (Thamatrakoln & Hildebrand, 2008). Other studies into silicified 

algae Ge-Si interactions include Synura petersenii (Chrysophyceae) (Klaveness & 

Guillard, 1975) and Pararphysomonas vestita (Chrysophyceae) (Lee, 1978) whereby Ge 

was shown to reduce growth but was competitively relieved by increased Si. Studies that 

included non-siliceous species found that Ge is not broadly toxic to algae, even at 

relatively high concentrations (3.8 mM) and specifically interacts with Si metabolism 

(Lewin, 1966; Durak et al., 2016).  

In this study we utilise Ge to disrupt Si transport in coccolithophores in order to identify 

the cellular process in which Si is involved. Through this approach we identify that Ge 

disrupts calcification in species of coccolithophore with SITLs but has no general toxic 

effects on coccolithophores, confirmed by Ge addition to species without SITLs. We 

propose that Si in species with SITLs is utilised in coccolithophore calcification, an 
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exciting revelation that links the mechanisms of calcification and silicification for the first 

time.   
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2.3. Materials and Methods 

 Algal strains and culture conditions 

Coccolithophores were grown in batch cultures and incubated in a controlled temperature 

(CT) room at 15ᴼC, except the Northern Atlantic C. pelagicus (RCC4092) which was 

incubated at 7ᴼC. Cells were illuminated with 55-65µmol photons m-2 s-1 on a 16:8 

light:dark cycle. Natural seawater (collection and filtration described below) was used for 

all culture media.  C. braarudii (PLY182g) and E. huxleyi (CCMP1516) were grown in f/2 

media (Guillard & Ryther, 1962), C. leptoporus (RCC1130) and C. carterae (PLY406) 

were grown in 90% f/2 media (Guillard & Ryther, 1962) with 10% K medium (Keller et al., 

1987), and C. pelagicus (RCC4092) was grown in K/2 medium (Keller et al., 1987). 

Seawater for culture media was collected in 25 L carboys from the L4 survey station, 10 

nautical miles SW of Plymouth in the English Channel. In order to manipulate the Ge/Si 

ratio a low concentration of dissolved Si (dSi) in the seawater used was required. The 

seawater was collected in May, after the diatom spring bloom, to ensure naturally low 

[dSi] (Observatory, 2017).The seawater was kept in the dark at 15ᴼC prior to filtration 

using a 30kDa hollow fibre filter (Sartorius, UK). To minimise contamination by Si, all 

procedures were undertaken in plastic equipment. After filtration the seawater was 

autoclaved before nutrients were added. The [dSi] was determined using a silicate 

molybdate-ascorbate assay (Kirkwood, 1989)  and was found to be 2 µM. Where 

required, the [dSi] was amended by the addition of Na2SiO3.5H2O. 

Ge was added as GeO2 for a range of concentrations (0.5-20 µM) to seawater containing 

2, 20 and 100µM of Si. Cultures were subjected to short term (48 h) and long term (5 d) 

experimental periods under conditions described in 2.3.1, with physiological 

measurements taken as described below.  

 Physiological measurements 

2.3.2.1. Cell counts  

Cells were counted using light microscopy (LM) and a Sedgewick-Rafter counting 

chamber at regular intervals (specified). Cultures were treated and analysed during mid-

exponential phase with starting cell densities of >8, 000 cell ml -1 for C. braarudii, C. 

leptoporus and C. pelagicus, >340, 000 cell ml-1 for E. huxleyi and >26, 000 cell ml-1 for 

C. carterae. Growth rates (d-1) were calculated for the duration of the incubation 

experiments (48 h and 5 d, specified) and determined from the initial and final cell 

densities (Nt0, Nt1 respectively) using the formula below.  
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Formula 1: Growth Rate 

µ = (ln(Nt1) – ln(Nt0)) / t) 

 

2.3.2.2. Chlorophyll Fluorimetry 

Measurements of chlorophyll fluorescence were also taken to assess the performance of 

the photosynthetic apparatus. In the case of C. braarudii, an initial cell density of 12,000 

cells mL-1 was used to ensure sufficient biomass was available. The maximum quantum 

yield (Fv/Fm) of photosystem II was determined using a Z985 AquaPen chlorophyll 

fluorimeter (Qubit Systems, Kingston, Canada).  

2.3.2.3. Microscopy 

Cells were imaged by LM using differential interference contrast (DIC) optics on a Nikon 

Eclipse Ti Light Microscope and processed using ImageJ (Abràmoff et al., 2004). 

Ge causes the production of aberrant coccoliths in coccolithophores with SITLs. In 

selected experiments, discarded coccoliths were recorded to demonstrate the extent of 

the Ge affect between treated cells and controls. Regular and aberrant coccoliths were 

not distinguishable using LM as the resolution is not high enough.  

Scanning electron microscopy (SEM) was used to obtain high-resolution data on the 

morphological effects of Ge on C. braarudii. Samples for SEM were filtered onto a 13 

mm 0.4 µm Isopore filter (Millipore EMD) and rinsed with 5 ml of 1 mM HEPES buffered 

(pH 8.2) MilliQ water to remove any salt. Filters were air dried, mounted onto an 

aluminium stub and sputter coated with 10 nm Pt/Pd (Cressington, USA). Samples were 

examined using a Phillips XL30S FEG SEM (FEI-Phillips, USA) and imaged in high-

resolution secondary electron mode with beam acceleration of 5 kV.  

2.3.2.4. Data Analysis 

Statistical analysis was carried out with SigmaPlot v12.0 software (Systat Software Inc, 

London, UK). All datasets were subjected to normal distribution (Shapiro Wilk) and equal 

variance tests (Levene’s mean) prior to analysis of variance. When distribution and  

variance tests were passed a one-way ANOVA with post hoc (specified) was conducted 

and when failed the non-parametric equivalent, Kruskal-Wallis One Way Analysis of 

Variance on Ranks followed by an All Pairwise Multiple Comparison Procedures (Tukey 

Test) was conducted. All statistical tests conducted are specified in figure legends.   
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2.4. Results  

 Effect of Ge exposure on Coccolithus braarudii 

C. braarudii cells were treated with 0, 0.25, 0.5 or 1.0 Ge/Si (2 µM Si) for 48 h. The 

addition of Ge caused an increase in discarded coccoliths across all treatments (Figure 

2.2a). This effect was statistically significant between the control and 1.0 Ge/Si treatment 

over 48 h (p=<0.05). LM data (Figure 2.2b) show some coccolith malformations were 

present, however regular and aberrant coccoliths were not discriminated between at this 

stage as the resolution in LM is not high enough to definitively distinguish between the 

two. It is also clear that from the LM images that Ge treated cells have partial 

coccospheres after 48 h, consistent with the high numbers of discarded coccoliths.  

Photosynthetic efficiency of photosystem II (Fv/Fm) and growth were measured to assess 

the overall cellular health following 48 h of Ge treatment. Fv/Fm measures the auto 

fluorescence of photosystem II, part of the photosynthetic machinery in the chlorophyll, 

and therefore is a proxy for photosynthetic potential and general cell health. There was 

no difference in Fv/Fm between Ge treatments and control (Figure 2.2c). Increasing Ge/Si 

ratios resulted in eventual inhibition of growth with statistically significant inhibition 

occurring at 1.0 Ge/Si compared with the control (p=<0.05). The data in Figure 2.2 show 

clearly that inhibition of growth at higher Ge/Si ratios was not related to decreased 

photosynthetic efficiency. 

SEM was used to obtain high resolution images of the morphological effects of Ge on C. 

braarudii on cells grown in a 0.2 Ge/Si for 48 h (100 µM Si). SEM micrographs (Figure 

2.3) enable a clear visualisation of the aberrant coccoliths produced in the Ge treated 

cultures, not present in the control. It is also possible to see discarded coccoliths; it is 

most likely the aberrant coccoliths cannot integrate within the coccosphere and are shed 

into the media. It was not possible to visualise the partial coccospheres seen in LM 

(Figure 2.2b) using SEM, as the preparation process involves subjecting the cells to 

vacuum conditions, this causes the partial structures to collapse, also seen in previous 

study on C. leptoporus (Langer & Bode, 2011). 

The data presented in Figure 2.2 and Figure 2.3 suggest that Ge causes the production 

of aberrant coccoliths after 48 h that cannot integrate into the coccosphere and are 

subsequently discarded into the media. Ge, at low Ge/Si ratios, appears to act specifically 

on the calcification mechanism and does not disrupt the general health of the cells.  
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Figure 2.2 Effect of Ge on C. braarudii  

Cells were treated with 0, 0.25, 0.5 or 1.0 Ge/Si for 48 h (2 µM Si). Discarded coccoliths are presented 

(a) alongside LM images of each Ge/Si treatment (b). The number of discarded coccoliths (coccoliths 

cell-1) in the 1.0 Ge/Si were significantly higher than the control, analysed using a Kruskal-Wallis One 

Way Analysis of Variance on Ranks followed by all pairwise multiple comparison procedures (Tukey 

Test), n=3, p=<0.05 (*). This data is supported by a visible increase in discarded coccoliths seen in 

0.5 and 1.0 Ge/Si images (circled) (b). The photosynthetic efficiency F
v
/F

m
 (c) and growth rate (d) are 

also presented to assess general cell health. No change in Fv/Fm was observed at any Ge/Si ratio. The 

growth rate is presented as a % of control (SGR = 0.35 ± 0.03 d-1). The 1.0 Ge/Si treatment grew 

significantly less than the control (one-way ANOVA with Holm-Sidak post hoc test, n=3, p=<0.01 (**)). 
Error bars denote standard errors. Image labels denote Ge/Si ratio and scale bars represent 20 µm. 
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Figure 2.3 Morphological effect of Ge on C. braarudii  

Cells were grown in 0.2 Ge/Si for 48 h (100 µM Si). SEM images taken of control and Ge treated cells 

clearly show the presence of aberrant and discarded coccoliths (arrows) in the Ge treatment but not 

in the control.  
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In addition to short-term exposure to Ge, the longer-term effect on C. braarudii was also 

investigated. After 5 d there was a significant reduction in growth rate in all Ge-treated 

cultures when compared to the control (p=<0.01) and a significant increase in discarded 

coccoliths between the control and 0.5 Ge/Si (2 µM Si) (p=<0.01) (Figure 2.4). Over 5 d, 

disruption of calcification occurred in conjunction with the reduction in the growth of C. 

braarudii, we can hypothesise that the disruption of calcification is apparent within 48 h 

(Figure 2.2 and Figure 2.3) and the reduction in growth is more apparent during longer 

Ge treatment (up to 5 d).  

 

 

Figure 2.4 Longer-term effects of Ge on C. braarudii  

Cells were treated with 0, 0.25, 0.5, 1.0 Ge/Si for 5 d in seawater containing 2 µM Si. The growth rates 

for all cultures treated with Ge is significantly lower than the control (SGR 0.49 ± 0.009 d-1), analysed 

using a one-way ANOVA with Holm-Sidak post hoc test, n=3, p=<0.01 (**). The number of discarded 

coccoliths in the 0.5 Ge/Si treatment is significantly higher than the 0 Ge/Si control, analysed using a 

Kruskal-Wallis One Way Analysis of Variance on Ranks followed by an all pairwise multiple 

comparison procedures (Tukey Test), n=3, p=<0.01 (**). Error bars denote standard errors. 
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 The ratio of Ge/Si  

In order to determine further whether Ge was interacting competitively with Si, we 

examined whether the effect of Ge was influenced by the availability of Si at different 

Ge/Si ratios. C. braarudii cells were treated with various Ge/Si ratios ranging between 0 

and 10 (full details in Figure 2.5) (0, 2, 5 or 20 µM Ge in seawater containing 2, 20 and 

100 µM Si) for 48 h. The data presented demonstrates that the ratio of Ge/Si, and not 

simply the concentration of Ge, is crucial to the effect of Ge on C. braarudii, i.e. at 2 µM 

Si 2 µM Ge (1.0 Ge/Si) causes many discarded coccoliths to be produced (Figure 2.5a), 

however when the Si is increased to 20 and 100 µM the effect is dramatically reduced 

(Figure 2.5b, c). As Ge/Si ratios of >1.0 exhibit a reduction in discarded coccoliths 

compared to those of ≤1.0 in longer term experiments, it is possible that Ge at high ratios 

completely inhibits calcification whereas lower ratios disrupts the process and causes 

the production of aberrant coccoliths.  It is also possible that the inoculum of untreated 

cells, the starting cells, bias the data in this treatment as no growth occurs. This would 

bias the discarded coccolith data if the cells are not growing or calcifying. Both scenarios 

are possible, further experimentation into the effect of higher ratios is required.  

Consistent with previous observations, very little variation in Fv/Fm was observed in Ge 

treatments, except the highest concentration of 20 µM Ge in the 2 and 20 µM Si 

treatments (10.0 and 1.0 Ge/Si respectively) (Figure 2.5) which were significantly lower 

than control (p=<0.01). The effect was reduced in 100 µM Si treatment, where no 

reduction in Fv/Fm was observed, implying the higher concentration of Si reduced the 

effect of Ge on the cells.  

We saw in previous experiments that high Ge/Si ratios caused a reduction in growth after 

48 h and in all Ge treated cultures after 5 d. In C. braarudii high Ge/Si ratios (≥1) inhibit 

growth after 48 h (p=<0.01) (Figure 2.5). The effect on growth at higher ratios may be 

linked to the disruption of calcification.  

The results suggest that Ge effects calcification in C. braarudii, however the ratio of Ge/Si 

is crucial for the disruption of growth and Fv/Fm and the disruption or inhibition of the 

calcification mechanism, indicating that the inhibitory and/or toxic effects of Ge are 

mitigated in the presence of Si.  
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Figure 2.5 The effect of changing Ge/Si ratio on C. braarudii  

Cells were treated with a range of Ge/Si ratios (specified) by utilising 0, 2, 5 or 20 µM Ge in seawater 

containing 2 (a), 20 (b) and 100 µM (c) Si for 48 h. The treatments that differ significantly from the 0 

Ge/Si control were analysed by a one-way ANOVA with Holm-Sidak post hoc test, n=3, p=<0.05 (*) 

and p=<0.01 (**). Growth rate is presented as percentage of control, alongside Fv/Fm and discarded 

coccoliths (coccoliths cell-1). The effect of Ge is dependent on the Ge/Si ratio, i.e. Ge had a much lower 

impact on coccolithophore physiology at higher Si concentrations. Error bars denote standard errors. 
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 Effect of Ge on Coccolithus pelagicus and Calcidiscus leptoporus 

To gain a broader insight into the effect of Ge on coccolithophores the responses of two 

coccolithophore species closely related to C. braarudii, Calcidiscus leptoporus and C. 

pelagicus, to a range of Ge/Si ratios (0, 1, 2.5 and 10) were compared. C. leptoporus has 

been identified as possessing SITLs (Durak et al., 2016) but C. pelagicus transcriptome 

data is not yet available and it is not yet known if they have SITLs, however it is closely 

related to C. braarudii and similarities may be expected between the two species (Sáez 

et al., 2003).  

High Ge/Si ratios were utilised to test Ge sensitivity in C. pelagicus. C. pelagicus showed 

a similar response to Ge to that of C. braarudii (Figure 2.6 cf. Figure 2.5a for C. braarudii 

data) exhibiting a significant increase in discarded coccoliths in the 2.5 and 10 Ge/Si 

treatments (2 µM Si) (p=<0.01) and a significant reduction in growth in the 10 Ge/Si ratio 

(p=<0.05). C. pelagicus may have a lower sensitivity to Ge than C. braarudii, as no 

increase in discarded coccoliths at Ge/Si ratio of 1.0 and a lesser reduction in growth 

was observed after 48 h. However, these observations may be because it is likely C. 

pelagicus has slower calcification and growth rates due to the colder culture conditions 

required for this strain (see section 2.3.1). 
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Figure 2.6 The effect of Ge on C. pelagicus  

Cells were treated with 0, 1.0, 2.5 and 10 Ge/Si for 48 h (2 µM Si). Discarded coccoliths were found 

to be significantly increased in the 2.5 and 10 Ge/Si treatments when compared to the control, 

analysed using a one-way ANOVA with Holm-Sidak post hoc test, n= 3 p=<0.01 (**). Growth data is 

presented as percentage of control (SGR 0.31 ± 0.007, n= 3). A significant decrease in growth in the 

10 Ge/Si treatment, analysed using a one-way ANOVA with Holm-Sidak post hoc test, n= 3 p=<0.05 

(*). No change in Fv/Fm was observed, consistent with other species treated with Ge. Error bars denote 

standard errors. 
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C. leptoporus was also subjected to high Ge/Si ratio conditions and exhibited an increase 

in discarded coccoliths in all Ge treatments (Figure 2.7), that was significant in the 10.0 

Ge/Si ratio (2 µM Si) (p=<0.01). Under laboratory conditions C. leptoporus is a slow 

growing species and the control cultures grew very slowly during the 48 h experimental 

period (SGR 0.04 ± 0.07). However, those cultures treated showed a reduction in growth 

rate compared to the control, similar to that of C. braarudii (Figure 2.5a), (p<0.05). It is 

clear that the impact of Ge on calcification on C. leptoporus is consistent to that of other 

tested species. Subsequent analysis also indicated that Ge does affect calcification in C. 

leptoporus (Durak et al., 2016). 

     

 

Figure 2.7 The effect of Ge on C. leptoporus 

Cells were treated with 0, 1.0, 2.5 and 10 Ge/Si for 48 h (2 µM Si). Numbers of discarded coccoliths 

were significantly increased in 10 Ge/Si treatment when compared to the control analysed using one-

way ANOVA with Holm-Sidak post hoc test, n = 3, p=<0.01 (**). Growth data is presented as 

percentage of control (SGR 0.04 ± 0.07, n= 3). A decrease in growth was observed in all Ge 

treatments, analysed using a one-way ANOVA with Holm-Sidak post hoc test, n= 3 p<0.01 (**). Error 

bars denote standard errors. 

 

 Effect of Ge on Emiliania huxleyi and Chrysotila carterae 

The impact of Ge on species confirmed to lack SITLs (Durak et al., 2016) was examined 

to ensure the effects we were observing were specific to the Si transport mechanism. We 

used Ge/Si on E. huxleyi (Figure 2.8) and C. carterae (Figure 2.9), at 0, 1.0 2.2 and 10 

Ge/Si ratios (2 μM Si), and found no effects on growth or Fv/Fm in either species. This is 

in clear contrast to the effects of similar Ge/Si ratios on C. braarudii. Discarded coccoliths 

were not scored in these preliminary experiments as the coccoliths present in both these 

species are very small (approximately 2-3 µm in length) (Young et al., 2003) and cannot 
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clearly be identified by LM. However, Inspection of the cells by LM confirmed that the 

cells were calcified, corroborated by published data (Durak et al., 2016). These results 

suggest that Si plays an important role in calcification in coccolithophores that possess 

SITLs, but this requirement for Si is not universal amongst coccolithophores. Further 

experimentation found no malformations were observed in Ge treated E. huxleyi (Durak 

et al., 2016). 

 

 

Figure 2.8 The effect of Ge on E. huxleyi  

Cells were grown in four Ge/Si ratios (0, 1.0, 2.5 and 10) in 2 µM Si seawater for 48 h. The data shows 

Ge has no effect on growth rate or photosynthetic efficiency in E. huxleyi. Error bars denote standard 

error. 

 

Figure 2.9 The effect of Ge on C. carterae  

Cells were grown in four Ge/Si ratios (0, 1.0, 2.5 and 10) in 2 µM Si seawater for 48 h. The data shows 

Ge has no significant effect on growth rate or photosynthetic efficiency in C. carterae. Error bars denote 

standard error. 
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The currently known distribution of SITS and SITLs show a close correlation with the 

effectiveness of Ge disruption on coccolithophore calcification, summarised in Figure 

2.10. SIT/Ls were identified using transcriptome (Keeling et al., 2014) and genome 

(Nordberg et al., 2013) sequence data. Species C. braarudii, C. pelagicus, Calcidiscus 

leptoporus, Chrysotila carterae and E. huxleyi were investigated here. Additionally the 

disruption of calcification in the coccolithophore S. apsteinii by Ge and lack of effect on 

G. oceanica was demonstrated by further experimentation (Durak et al., 2016). From this 

study we can conclude that SITLs are involved directly in the calcification mechanism in 

species where they are present and that addition of Ge specifically affects the 

calcification mechanism. 

 

Figure 2.10 The distribution of SIT/Ls in coccolithophores correlated with their sensitivity Ge. 

A schematic tree adapted from Durak et al. (2016), based on multiple gene phylogenies(Liu et al., 

2010), transcriptome(Keeling et al., 2014) and genome analysis(Nordberg et al., 2013). Ge sensitivity 

in S. apsteinii is referenced from published work (Durak et al., 2016).  
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2.5. Discussion 

In this study it was shown that the addition of Ge disrupts calcification in species of 

coccolithophore that possess SITLs (Durak et al., 2016). Ge was not found to have any 

negative impacts on the cell health and the calcification process in species without 

SIT/Ls, even at high Ge/Si ratios (>1.0). It was also shown that the Ge effect on 

calcification is dependent on the availability of Si, indicating a competitive interaction 

between Ge and the Si transport system in these species. As a result of these 

observations, we have identified a likely requirement for Si in the calcification process in 

coccolithophores with SITLs. If coccolithophores do require Si for calcification, this would 

imply a common requirement for Si in two previously distinct mechanisms of 

biomineralisation, calcification and silicification. Additionally, we propose C. braarudii as 

an excellent species to study calcification due to its ease of culture, distinct uniform 

coccosphere and sensitivity to Ge as a potential calcification disruption tool.  

In this investigation it is important to consider the potential toxicity of Ge to 

coccolithophores. There are multiple lines of evidence from the data presented to 

suggest that Ge is not broadly toxic at the Ge/Si ratios utilised in this study: Firstly, we 

identified that at low Ge/Si (<1.0) ratios there were no adverse effects on general cell 

health after 48 h in C. braarudii. Secondly, the evidence suggests Ge specifically 

interacts with the Si transport system and not additional cellular processes. The ratio of 

Ge/Si is pivotal in the effect Ge has on the cells implying that the two interact 

competitively for the Si transport system, with Si able to mitigate the response of Ge 

when increased in the medium. Finally, the use of a broad range Ge/Si ratios (0 - 10) on 

species without SITLs (C. carterae and E. huxleyi) demonstrated no adverse effects on 

the growth or photosynthetic efficiency of these species.  

However, it is important to note that there have been recorded cases where Ge has been 

shown to have toxic effects, for example a study on Chinese Hamster Ovary (CHO) cells 

observed cytotoxic effects at a Ge concentration  of 5 mM but did not report on the 

availability of Si (Chiu et al., 2002). The concentration of Ge utilised in the CHO cell study 

is significantly higher than that utilised here. In the data presented here there is evidence 

of potential toxicity in the higher Ge/Si ratios (≥1.0) which caused a reduction in Fv/Fm 

and growth after 48 h in C. braarudii. In other species with SITLs, reduction in growth 

was observed at 10.0 Ge/Si in C. pelagicus and >1.0 Ge/Si in Calcidiscus leptoporus 

after 48 h.  There were no observed negative effects of high Ge/Si ratios (> 1.0) on 

species without SITLs (E. huxleyi and C. carterae) it is possible that the Ge may not have 

a toxic effect as it may not be able to enter the cell due to the lack of Si-transporters to 
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facilitate uptake in these species. Although the effects on growth may be due to toxic 

effects of Ge, they may also be due to the effect on calcification, as evidenced from the 

short-term effect on calcification (represented in discarded coccoliths) in C. braarudii 

after 48 h but the effect on growth not appearing at lower Ge/Si ratios until 96 h. More 

work is needed to explore whether or not the effect on growth is from Ge or the 

calcification disruption. An additional insight into the effect of Ge would be to explore the 

response of coccolithophores to low Si conditions. These experiments have been 

conducted in a subsequent study within this thesis (Chapter 3). 

The evidence suggests that Ge specifically disrupts calcification in species of 

coccolithophore with SITLs. The investigation predominantly focussed on C. braarudii to 

disentangle the effect of Ge, whereby we identified that low Ge/Si ratios caused the 

production of aberrant coccoliths and an increase in discarded coccoliths after 48h. It is 

likely that the malformations disrupt the overlapping structure of the interlocking 

placoliths and result in the inability to integrate within the coccosphere, the coccoliths 

subsequently detach from the cell surface. The cells continue to calcify, producing 

aberrant coccoliths, at the low Ge/Si (<1.0 Ge/Si) ratios but as Ge is increased (≥1.0 

Ge/Si) discarded coccoliths cease to be produced. It appears the calcification 

mechanisms continues at the lower ratios and is completely stopped at higher ratios. 

This may be due to saturation of SITL membrane proteins by Ge causing a reduction in 

coccolith production. The effect may also be as a result of the effect on growth, however 

it is unclear whether the reduced growth causes the disruption of calcification or the 

inverse effect, this is explored further in subsequent work (Chapter 3). We suggest that 

low Ge disrupts calcification and higher ratios cause complete inhibition of the process.  

The influence of the Ge/Si ratio in coccolithophores bears certain similarities to effect in 

certain silicifying organisms. In diatoms (Davis & Hildebrand, 2008); ratios of <0.01 Ge/Si 

do not have an inhibitory effect on silicification, but ratios >0.05 Ge/Si inhibit Si uptake 

and also disrupt Si metabolism within the cell (Darley & Volcani, 1969; Azam et al., 1973; 

Simpson & Volcani, 2012). The phenomenon is also seen in loricate (silicified structures) 

choanoflagellates (Marron, A. O. et al., 2016), whereby low Ge/Si ratios (0.01-0.03) 

caused the production of incomplete or absent loriceae. At 0.01 Ge/Si the 

choanoflagellates continued to grow normally until 6 d had passed, after which growth 

rates reduced significantly. Higher Ge/Si ratios (≥0.05) were lethal to the choanoflagellate 

cultures. In this investigation we see a similar effect: Ge does not reduce growth of C. 

braarudii at ratios of <1.0 Ge/Si over 48 h but does in all Ge treated cultures measured 

over 5 d. This may be due to an intracellular pool of Si mitigating the effects. Higher Ge/Si 

ratios (≥1.0) significantly reduce growth over 48 h. The disruption of calcification is clear 
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after 48 h at low Ge/Si ratios (<1.0) and the impact on growth at this ratio occurs after 5 

d. We can hypothesise that the impact on calcification may cause the decrease in growth 

in this species. However, more work is needed to disentangle this effect to see if the two 

effects co-occur or Ge disruption of calcification is causative of the growth reduction.  

The mechanism by which Ge disrupts Si transport is largely thought to involve molecular 

mimicry in the form of Ge(OH)4 which is transported through the SIT in the place of 

Si(OH)4. This is analogous to the transport of another metalloid arsenate, which is 

transported through trans-membrane phosphate transporters (major intrinsic proteins) 

and disrupts phosphate homeostasis in animals (Bienert et al., 2008). To date the 

proposed transport of Si(OH)4 and Ge(OH)4 is through SITs and therefore cannot be 

confidently be applied to SITLs until their functionality is fully elucidated.  

In addition to the transport of Ge into the cell, there is the disruption of the biosilicification 

process itself. This has recently been modelled in silicified choanoflagellates using 

density function theory by Marron, A. O. et al. (2016). The study concluded that Ge acts 

as a competitive inhibitor of Si uptake and (in the form of Ge(OH)4) is disruptive to internal 

Si polymerisation by incorporating into the ends of the polymerising Si structure. As the 

Ge/Si ratio increases more Ge “caps” are incorporated into the SiO2 structure causing 

deformities in the silicification process. Although we do not know the role Si is currently 

playing in coccolithophore calcification, as more is divulged about the role of Si, this 

model may prove relevant in the explanation of Ge disruption in coccolith production.  

The cellular mechanisms through which Si contributes to the calcification process in 

coccolithophores remain unknown. One comparison which may shed light on the role is 

found in terrestrial plants: It has been demonstrated that Si plays an important role in 

formation of cystoliths, small calcium carbonate deposits that are found in the leaves of 

certain plants (Gal et al., 2010; Gal et al., 2012). Although Si is only a minor component, 

it is essential for the formation of amorphous calcium carbonate, which comprises the 

majority of the cystoliths (Gal et al., 2012). Si could potentially modulate the formation of 

coccoliths by stabilising an amorphous calcium carbonate phase of production, however 

there is no current evidence of amorphous calcium carbonate in coccolithophore 

calcification but it has not yet been ruled out. Further elucidation of its precise role will 

enable important insight into the cellular mechanisms of calcification in coccolithophores, 

which remain poorly understood. 

The data presented here divulge that it would be possible to manipulate the Ge/Si ratio 

to conduct controlled calcification disruption experiments. Previous studies have relied 

largely on the removal of Ca2+ to disrupt calcification (Riebesell et al., 2000; Marsh, 
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2003). However, the essential role of Ca2+ in a wide range of cellular functions (Clapham, 

1995; Riebesell et al., 2000; Sanders et al., 2002) means that such manipulations are 

not specific to the calcification process. Utilising Ge may prove incredibly useful in 

dissecting the impact of calcification disruption in this species, as it appears to act 

specifically on the calcification mechanism and not additional cellular functions.  

There is a strong correlation between SIT/Ls and Ge sensitivity. As disruption of 

calcification was also observed in C. pelagicus we are able to propose that this species 

is likely to be positive for Si transporters. Interestingly, the presence of SITLs has also 

been identified in a range of other organisms including the calcified foraminifera 

Ammonia sp. and the copepod Calanus finmarchicus, which has silicified teeth (Marron, 

Alan O. et al., 2016). The distribution of SITLs in various eukaryotic lineages provides a 

list of organisms for the effects of Ge to be explored further. 

The lack of SIT/Ls and Ge effects on E. huxleyi and C. carterae raises interesting 

implications about the ecology of coccolithophores. E. huxleyi is the most globally 

abundant species of coccolithophore and forms extensive blooms in Si-depleted waters, 

which has likely contributed to its considerable ecological success (Leblanc et al., 2009; 

Balch et al., 2014; Hopkins et al., 2015). Another bloom-forming species, Gephyrocapsa 

oceanica was also found not to have SITLs (Durak et al., 2016). These bloom-forming 

coccolithophores (Noelaerhabdaceae) may have developed an alternative cellular 

mechanism to replace the role of Si in coccolith formation. The marked decline of surface 

ocean [SiO4] in the Cenozoic period to the present suggests that loss of the requirement 

for Si would be beneficial for a species which diverged later. This divergence would have 

been  250,000 years ago in the case of E. huxleyi (Liu et al., 2010). This raises the 

interesting possibility that a Si requirement may even be a disadvantage to 

coccolithophores with SITLs in a Si deplete, diatom dominant Ocean. 

The exact role and requirement for Si during calcification remains unclear but we can 

hypothesise that the amount of Si required is likely to be significantly lower than 

extensively silicified organisms. However, it is noteworthy that the coccolithophores 

affected by Ge in this study are crucial marine calcifiers, with C. 

braarudii and Calcidiscus leptoporus contributing significantly to calcite flux to the deep 

ocean in large parts of the Atlantic Ocean (Yool & Tyrrell, 2003; Baumann et al., 2004; 

Daniels et al., 2014). Therefore, it is possible that if these species encounter significant 

Si limitation in natural seawaters and whether they can compete effectively for this 

resource with diatoms and other silicified plankton will impact the fate of these important 

calcifiers. We can conclude that differing requirements for Si may therefore have had a 
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profound impact on the physiology of modern coccolithophores and contributed 

significantly to the evolution and global distribution of this important calcifying lineage. It 

is clear there is need of more focus in the future on Si and its role in calcification in 

coccolithophores to fully elucidate the biomineralisation activities in the oceans.  
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3. The Requirement for Calcification 
Differs Between Ecologically Important 

Coccolithophore Species 
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3.1. Abstract 

Coccolithophores are globally distributed unicellular marine algae that are characterised 

by their covering of calcite coccoliths. Calcification by coccolithophores contributes 

significantly to global biogeochemical cycles. However, the physiological requirement for 

calcification remains poorly understood as non-calcifying strains of some commonly used 

model species, such as Emiliania huxleyi, grow normally in laboratory culture. To 

determine whether the requirement for calcification differs between coccolithophore 

species, we utilised multiple independent methodologies to disrupt calcification in two 

important species of coccolithophore, E. huxleyi and Coccolithus braarudii. We 

investigated their physiological response and used time-lapse imaging to visualise the 

processes of calcification and cell division in individual cells. Disruption of calcification 

resulted in major growth defects in C. braarudii, but not in E. huxleyi. We find no evidence 

that calcification supports photosynthesis in C. braarudii but show that an inability to 

maintain an intact coccosphere results in cell cycle arrest. We find that C. braarudii is 

very different from E. huxleyi as it exhibits an obligate requirement for calcification. The 

identification of a growth defect in C. braarudii resulting from disruption of the 

coccosphere may be important in considering their response to future changes in ocean 

carbonate chemistry.  
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3.2. Introduction 

 Coccolithophores (Calcihaptophycidae) are globally abundant, single celled 

marine phytoplankton characterised by the production of elaborate calcite platelets 

(coccoliths).  These are produced in an intracellular compartment (coccolith vesicle) and 

secreted to the cell surface where they are arranged extracellularly to form a 

coccosphere (Marsh, 2003; Brownlee & Taylor, 2004; Taylor et al., 2017). Due to their 

global prevalence and ability to form vast blooms (Westbroek et al., 1993), 

coccolithophores are estimated to be responsible for up to 10% of the global carbon 

fixation (Poulton et al., 2007) and are major producers of oceanic biogenic calcium 

carbonate. Calcification by coccolithophores contributes to a rain of calcite from surface 

waters to depth, which can remineralise and contribute to a vertical alkalinity gradient in 

the water column (Milliman, 1993) or form vast sedimentary deposits on the ocean floor 

(Thierstein et al., 1977). Additionally, sinking coccoliths ballast particulate organic matter 

enabling the transfer of organic carbon to depth (Ziveri et al., 2007). Consequently, 

coccolithophores are crucial contributors to ocean biogeochemical cycles and much 

research has focussed on how calcification may be impacted by future changes in ocean 

carbonate chemistry (Riebesell et al., 2000; Rost & Riebesell, 2004; Ridgwell et al., 2009; 

Meyer & Riebesell, 2015). 

 Given the biogeochemical importance of calcification, it is surprising that the 

ecological and physiological reasons underlying coccolith production remain uncertain 

(Tyrrell & Merico, 2004; Monteiro et al., 2016). Several species exhibit the ability to grow 

without coccoliths in laboratory culture, most notably Emiliania huxleyi and Chrysotila 

carterae (formerly Pleurochrysis carterae) (Paasche, 2001; Marsh, 2003). The diploid 

heterococcolith-bearing life stages of these species are invariably fully calcified on initial 

isolation, although many strains that have been maintained in laboratory culture for 

several years are only partially calcified or have lost the ability to calcify entirely 

(Paasche, 2001; Marsh, 2003). Non-calcifying strains of E. huxleyi are genetically 

diverse, suggesting that this characteristic is not restricted to a single lineage or 

morphotype (Kegel et al., 2013; Read et al., 2013). These observations suggest that 

calcification is not essential for the growth of coccolithophores, at least when they are 

maintained in laboratory culture. In turn, this finding has important implications for our 

understanding of coccolithophore ecology, especially when we consider the potential 

impact of future changes in ocean carbonate chemistry on the calcification process 

(Riebesell et al., 2000).  
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 However, there is currently little experimental evidence examining the 

requirement for calcification in other coccolithophore species and there is evidence 

suggesting that commonly used laboratory models E. huxleyi and C. carterae may not 

be typical of all coccolithophores. For example, the large, heavily calcified species such 

as Calcidiscus leptoporus and Coccolithus braarudii, which contribute significantly to 

calcification in our global oceans (Daniels et al., 2014), always appear to be fully calcified 

in exponentially growing diploid cultures. Additionally, there are some indications of 

mechanistic differences in the process of calcification between coccolithophores. For 

example, several species including C. braarudii exhibit a requirement for silicon (Si) in 

the calcification process, whereas this requirement is entirely absent from other species, 

such as E. huxleyi (Durak et al., 2016). It is also likely that coccolith production fulfils 

multiple roles within coccolithophores, which may differ between species (Monteiro et al., 

2016).  In light of these contrasts, it is essential to question whether these species exhibit 

an obligate dependence on calcification for cellular fitness that relates to important 

differences in either the process or the function of calcification between coccolithophore 

lineages. 

The availability of non-calcifying strains of E. huxleyi has been used to assess the 

potential role of calcification in this species. Surprisingly, the absence of calcification, 

either in non-calcifying strains or by depletion of Ca2+ in calcifying strains, has little 

obvious impact on E. huxleyi physiology in laboratory cultures, with no reduction in 

growth rate or photosynthesis (Herfort et al., 2004; Trimborn et al., 2007; Leonardos et 

al., 2009). Although calcification in E. huxleyi commonly occurs at a similar rate to 

photosynthesis, current evidence does not support a role for calcification as a carbon 

concentrating mechanism in this species (Herfort et al., 2002; Trimborn et al., 2007; 

Leonardos et al., 2009; Bach et al., 2013). There is also no evidence to suggest that 

calcified E. huxleyi cells are better protected from zooplankton grazing (Harris, 1994) or 

viral infection (Wilson et al., 2002). Several studies have also indicated that the 

coccosphere does not contribute to the protection from photoinhibition (Nanninga & 

Tyrrell, 1996; Trimborn et al., 2007), although recent evidence indicates that the non-

calcifying strains may be more sensitive to UV radiation and grow less well under natural 

light (Xu et al., 2016). Given that there are few clear physiological differences between 

calcifying and non-calcifying E. huxleyi strains, evidence in support of the many proposed 

roles of calcification remains limited.  

 The absence of non-calcifying strains has precluded similar investigations into the 

requirement for calcification in most other coccolithophore species. However, it is 

possible to disrupt calcification in coccolithophores experimentally by using a range of 
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different techniques. For example, E. huxleyi cells grown at 0.1 mM Ca2+ in artificial 

seawater media are non-calcified, whilst cells grown at 1 mM Ca2+ produce very poorly 

calcified coccoliths with extensive malformations (Herfort et al., 2002; Herfort et al., 2004; 

Trimborn et al., 2007; Leonardos et al., 2009). At 1 mM Ca2+ E. huxleyi cells grow 

normally, although cells grown at extremely low Ca2+ (<0.1 mM) exhibit minor growth 

defects (Trimborn et al., 2007; Mackinder et al., 2011). Chrysotila haptonemofera 

(formerly Pleurochrysis haptonemofera) exhibited reduced calcification at concentrations 

<10 mM Ca2+ but growth was negatively impacted at concentrations <5 mM Ca2+ (Katagiri 

et al., 2010). As Ca2+ is essential for many cellular processes, most notably cell 

signalling, extreme Ca2+ depletion could potentially affect many wider aspects of cell 

physiology. An alternative mechanism to inhibit calcification is the application of 

bisphosphonates such as HEDP, which inhibit calcification through their ability to chelate 

metal ions and prevent the growth of calcium carbonate crystals. HEDP has been used 

extensively in other calcified organisms (e.g. fresh water algae (Heath et al., 1995) and 

corals (Yamashiro, 1995)) and also inhibits calcification in the coccolithophores E. 

huxleyi (1 mM) (Sekino & Shiraiwa, 1994) and C. carterae (0.5 and 1 mM) (Asahina, 

2004). In addition, we have recently identified that the silicon analogue germanium (Ge) 

may be used to disrupt calcification in the coccolithophore species that exhibit a 

requirement for silicon in coccolith production (Durak et al., 2016).  

 In this study, we have examined whether the ecologically important species C. 

braarudii exhibits an obligate dependence on calcification for growth. C. braarudii and 

the closely related species C. pelagicus are abundant in subarctic regions of the Atlantic 

and Pacific oceans and their large coccoliths contribute significantly to the sedimentary 

deposition of calcite from the photic zone (Ziveri et al., 2004; Daniels et al., 2016; Tsutsui 

et al., 2016). Although C. braarudii strains have been maintained in laboratory culture for 

many years, non-calcifying diploid strains have not been identified. Previous experiments 

to manipulate calcification in coccolithophores have primarily utilised a single technique, 

which limits the ability to identify non-specific impacts of the treatment on other cellular 

functions. We have therefore employed multiple methodologies to disrupt calcification to 

ensure that our observations are primarily due to a defect in coccolith production. We 

show that disruption of calcification using four different methods leads to inhibition of 

growth in C. braarudii. We do not find evidence for a link between calcification and 

photosynthetic function, but find that cell division is inhibited in cells that are unable to 

form a complete coccosphere.  
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3.3. Materials and Methods 

 Algal strains and culture conditions  

C. braarudii (PLY182g) (formerly Coccolithus pelagicus ssp braarudii) and E. huxleyi 

(CCMP1516) were grown in filtered seawater (FSW) with added f/2 nutrients (Guillard & 

Ryther, 1962) and added [dSi] 10 µM (unless specified). Cells were grown in triplicate 

batch cultures, incubated at 15ᴼC and illuminated with 65-75 µmol photons m-2 s-1 on a 

16:8 light:dark cycle. 

 Cell growth and discarded coccoliths  

Cells were counted using light microscopy and a Sedgewick-Rafter counting chamber. 

Growth rates (d-1) were determined from the initial and final cell densities (Nt0, Nt1) using 

the formula: SGR = (ln(Nt1) – ln(Nt0)) / t). Discarded coccoliths were also counted by light 

microscopy. We did not discriminate between regular and aberrant coccoliths for this 

count. Statistics were completed using SigmaPlot v13.0 software (Systat Software Inc, 

London, UK). 

 Disruption of calcification  

Low Ca2+: To control the availability of Ca2+, Harrison’s broad spectrum artificial seawater 

(ASW) (Harrison et al., 1980) was used, with the addition H2SeO (final concentration 5 

nM) and omission of CaCl2. The addition of H2SeO was made as it has been previously 

shown that E. huxleyi requires selenium for growth (Danbara & Shiraiwa, 1999). Prior to 

treatment, C. braarudii and E. huxleyi cells were acclimated at 10 mM Ca2+ ASW for 

several generations (>2 weeks) then treated with a range of Ca2+ concentrations from 0 

to 10mM (specified).  

HEDP: Cells were grown in f/2 FSW with the addition of HEDP (50 µM) (Sigma Aldrich, 

UK). Prior to inoculation of cells, the pH of the f/2 plus HEDP media was adjusted to pH 

8.2 using 1M NaOH and the media was sterile filtered (0.22µm) (PALL, USA).  

Ge/Si Manipulation: Low Si seawater was collected in early summer (May 2015) from the 

Western English Channel (station L4). This batch of seawater was used for all Ge 

addition experiments and [dSi] determined to be 2.0 µM using a silicate molybdate-

ascorbate assay (Kirkwood, 1989). C. braarudii cultures were grown in a Ge/Si ratio of 

0.2 to disrupt calcification. Ge was added in the form of GeO2 to a final concentration of 

2 or 20 µM (specified). [dSi] was amended by the addition of Na2SiO3.5H2O to give a final 

[dSi] of 10 or 100 µM (specified). For growth experiments, coccolithophore cultures were 
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acclimated to the appropriate [dSi] for several generations (at >2 weeks) prior to the 

investigation. 

Very low Si: As it is difficult to routinely obtain natural seawater with [dSi] <1 µM, [dSi] 

was further depleted using growth of the diatom Thalassiosira weissflogii (PLY541) as 

described previously (Timmermans et al., 2007; Durak et al., 2016), termed diatom 

deplete seawater (DDSW). Diatoms were removed by sterile filtration and f/4 nutrients 

were added (without Si). [dSi] was below the level of detection (<0.2 µM) in all DDSW 

media prepared by this method. Coccolithophore cultures were acclimated to DDSW for 

several generations (at >2 weeks) prior to the investigation with amended [dSi] (addition 

of Na2SiO3.5H2O) to 20 µM. Prior to inoculation, C. braarudii cells were washed with <0.2 

µM [dSi] DDSW to avoid carry-over of dSi. Cells were grown in semi-continuous batch 

cultures, control and very low [dSi] (20 and <0.2 µM respectively) DDSW, subculturing 

every 9 d into fresh media to maintain cells in exponential growth. 

 Measurements of photosynthesis  

Measurements of chlorophyll fluorescence were taken to assess the performance of the 

photosynthetic apparatus. The maximum quantum yield of photosystem II (F v/Fm) was 

determined using a Z985 AquaPen chlorophyll fluorimeter (Qubit Systems, Kingston, 

Canada). Cells were dark-adapted for 20 min prior to measurements. Cell densities of > 

10, 000 cells ml-1 were required to produce consistent Fv/Fm measurements. O2 evolution 

measurements were performed using a Firesting O2 meter with an OXVIAL 4 respiration 

vial with integrated optical oxygen sensor (Pyro Science, Aachen, Germany). Cells were 

stirred constantly during measurements and kept at 20 ᴼC using a water-cooled glass 

jacket. High cell densities are required for robust O2 evolution measurements in C. 

braarudii (> 35, 000 cells ml-1). Cells for analysis were grown to late exponential phase 

in ASW at 10 mM Ca2+, washed and incubated in different Ca2+ concentrations (0, 1 and 

10 mM) for 24 h prior to being placed in the O2 vial. A dark period of at least 5 mins was 

used to record respiration rate and then O2 evolution was monitored with illumination at 

200 µmol photons m-2 s-1 for 5 minutes.  

Analysis of carbon fixation was conducted by determining the particulate organic carbon 

(POC). Cells were incubated in control and low Ca2+ conditions (1 and 10 mM)  for 48 h. 

250ml of culture was filtered onto pre-combusted (>6 h, 450 °C) GFF filters and stored 

at -20 °C. POC filters were fumed with 37% concentrated HCl for 4 h in a closed 

desiccator to remove all inorganic carbon (Zondervan et al., 2002). After drying, (15 h, 
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55°C), % carbon output was measured using an Elemental Analyser (EA 1110 CHNS, 

Carlo-Erba Instruments, Milan, Italy).  

 Time-lapse microscopy  

Light microscopy images were acquired using a DMi8 Inverted Microscope with a 

DFC700 T colour camera (Leica Microsystems, UK). During time-lapse imaging, cells 

were placed on a cooled stage at 17ᴼC. For time-lapse imaging of cell division, cells were 

maintained in the dark and illuminated only for image capture (300 ms exposure, frame 

rate 5 minutes). Approximately 10-20 cells were viewed simultaneously for each time 

lapse. Where stated, cells were gently decalcified with 0 mM Ca2+ ASW at pH 7.0 for 1 

hour before re-suspension in FSW f/2. To monitor the response to Ge treatment, cells 

were grown in a 40 mL culture and 1 mL aliquots were removed every 24 h for time-lapse 

imaging over a period of 12 h. Cells were maintained on the microscope in constant light 

to encourage calcification. Approximately 100-120 cells were viewed simultaneously for 

these time lapses. Images and sequences were processed using Leica Applications Suite 

X and ImageJ (Abràmoff et al., 2004) software. 

 Fluorescence microscopy 

 Nuclei of Ge-treated cells were stained with Hoechst 33342 (Invitrogen), final 

concentration 1 µg/ml and incubated in the dark at 15ᴼC for 1 h. The cells were then 

stained with FM 1-43 (N-(3-triethylammoniumpropyl)-4-(4-(dibutylamino) styryl) 

pyridinium dibromide) (Thermo Fisher, UK) immediately prior to imaging with a DMi8 

Inverted Microscope (Leica Microsystems, UK) with an ORCA Flash 4.0 camera 

(Hamamatsu, Japan). Hoescht 33342 was excited at 395 nm with emission at 435-485 

nm. FM 1-43 was excited at 470 nm with emission at 500-550 nm. Extracellular 

polysaccharides were stained using the fluorescent lectin, FITC-concanavalin A (100 

µg/ml). Cells were decalcified in situ on the microscope to ensure that the occurrence of 

paired-cells was not induced by the decalcification process. 1 ml of C. braarudii cells 

were decalcified following the addition of 10 µl of 1 M HCl for 10 mins (final concentration 

10 mM HCl). The pH was then restored by the addition of an equal volume of 1 M NaOH. 

Cells were imaged using a Zeiss LSM 510 laser scanning confocal microscope, with 

excitation at 488 nm and emission at 500-530 nm (FITC) and 650-715 nm (chlorophyll).  

 Scanning electron microscopy  

Samples for SEM were filtered onto a 13 mm 0.4 µm Isopore filter (Millipore EMD) and 

rinsed with 5 ml of 1 mM HEPES buffered (pH 8.2) MilliQ water to remove any salt. Filters 
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were air dried, mounted onto an aluminium stub and sputter coated with 10 nm Pt/Pd 

(Cressington, USA). Samples were examined using a Phillips XL30S FEG SEM (FEI-

Phillips, USA) and imaged in high-resolution secondary electron mode with beam 

acceleration of 5 kV. SEM was used to score malformed, incomplete and normal 

coccoliths for each cell examined (> 30 cells per sample). 

 Immunofluorescence microscopy  

Samples were prepared for immunofluorescence microscopy as described in (Durak et 

al., 2017). Briefly, C. braarudii cells were decalcified with Ca2+-free ASW pH 8.0 

containing 25 mM EGTA. Cells were then fixed for 10  min in an ASW solution containing 

2% glutaraldehyde and 1.7% BSA (bovine serum albumin). Samples were washed three 

times with a solution of ASW with 1.7% BSA and 0.5% glutaraldehyde and then incubated 

for 10  min in 0.05% Triton X-100 in ASW. Samples were then washed three times with 

ASW/1.7% BSA and incubated for a further 20 min. Fixed samples were incubated 

overnight in a 1/50 dilution of the primary anti-α-tubulin antibody, washed 3x with 

ASW/1% BSA and then incubated in a 1/150 dilution of the secondary Texas Red-

conjugated antibody for 2.5 h. Cells were then washed a final three times with ASW/1.7% 

BSA. Cells were imaged using a LSM 510 confocal laser scanning microscope (Zeiss, 

Cambridge, UK). Texas Red was excited at 543 nm, with emission at 575–625 nm. 

Calcite was imaged using reflectance, with excitation at 633 nm and a short pass 

emission filter at 685 nm. Nuclei were stained with Hoechst as previously described 

(Section 3.3.6). 
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3.4. Results 

 Disruption of calcification in C. braarudii 

 We examined the physiological effects of disrupting calcification in E. huxleyi and 

C. braarudii using multiple independent methodologies:  low Ca2+ seawater, the addition 

of HEDP or the addition of Ge. Ge was not applied to E. huxleyi, as we have previously 

demonstrated that this species does not require Si for calcification and is consequently 

unaffected by Ge, even at very high Ge/Si ratios (Durak et al., 2016). Our previously 

published work, along with several other reports have shown that calcification was 

substantially disrupted in E. huxleyi cultures grown at 1 mM Ca2+ or in the presence of 

50 µM HEDP  (Sekino & Shiraiwa, 1994; Herfort et al., 2002; Trimborn et al., 2007; 

Leonardos et al., 2009). All three treatments (low Ca2+, HEDP or Ge) also had profound 

and specific impacts on the calcification process in C. braarudii. Scanning electron 

microscopy (SEM) revealed the presence of 1-2 incomplete coccoliths in C. braarudii 

cells grown at 1 mM Ca2+ for 48 h, suggesting that this treatment interfered with the ability 

to form new coccoliths but did not cause extensive dissolution of existing coccoliths 

(Figure 3.1a, Appendix II: Table II.1). Treatment with 50 µM HEDP resulted in grossly 

malformed coccoliths that could be initially observed after 24 h and were abundant after 

72 h. Cells exposed to Ge at a Ge/Si ratio of 0.2 generated highly malformed coccoliths 

within 24 h that were morphologically distinct from the malformed coccoliths formed 

following HEDP treatment. Polarised light microscopy of decalcified C. braarudii cells 

after 24 h Ge treatment allowed us to confirm that the coccolith malformations occur 

internally, within the coccolith vesicle (Appendix II: Figure II.1).  

We have previously observed that malformed coccoliths in C. braarudii often fail 

to integrate into the coccosphere and accumulate in the seawater media around the cell 

(Durak et al., 2016). All three treatments applied to C. braarudii cells in this study resulted 

in a significant increase in discarded coccoliths after 48 h and 72 h (Figure 3.1b), 

indicating that many of the newly produced coccoliths were not incorporated into the 

coccosphere. Thus, although the cells continue to calcify and produce coccoliths 

following treatment with low Ca2+, HEDP or Ge, their ability to maintain a complete 

coccosphere is compromised. 
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Figure 3.1 Disruption of calcification in C. braarudii 

a) Representative SEM images of C. braarudii cells grown in 1 mM Ca2+ (48 h), 5 µM HEDP (24 h) 

and 0.2 Ge/Si (100 µM Si, 24 h). Incomplete or malformed coccoliths can be observed in response to 

all three treatments (arrows), whereas these are largely absent from control cells. Incomplete 

coccoliths are defined as those that exhibit the oval shape of control coccoliths, but calcite precipitation 

is not complete. Malformed coccoliths are defined as coccoliths with gross defects in crystal 

morphology and no longer resemble the oval morphology of control coccoliths. Scale bars denote 5 

µm. b) Treatments used to disrupt calcification in C. braarudii resulted in a significant increase in 

discarded coccoliths cell-1, n=3, p=<0.05 (*) and p=<0.01 (**) when analysed using a one-way ANOVA 

with Holm-Sidak post hoc test. This observation is indicative of incomplete or malformed coccoliths 

that fail to integrate successfully into the coccosphere. Error bars denote standard error. 
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 Disruption of calcification inhibits growth in C. braarudii 

 Disrupting calcification with 1 mM Ca2+ or 50 µM HEDP had dramatically different 

effects on growth in E. huxleyi and C. braarudii (Figure 3.2a, b). E. huxleyi did not exhibit 

any significant change in growth at 1 mM Ca2+ or 50 µM HEDP confirming previous 

reports (Sekino & Shiraiwa, 1994; Herfort et al., 2002; Shiraiwa, 2003; Herfort et al., 

2004; Trimborn et al., 2007; Leonardos et al., 2009), whereas growth of C. braarudii was 

severely inhibited by both treatments. The growth of C. braarudii was also severely 

inhibited following treatment with Ge (0.2 Ge/Si) for 9 d (Figure 3.2c). Thus, disruption of 

calcification by multiple methods has little impact on growth in E. huxleyi, but results in 

severe inhibition of growth in C. braarudii, suggesting that the requirement for 

calcification is very different between these species. 

The defects in coccolith morphology in response to Ge- and HEDP treatment arise very 

rapidly, before any defect in growth is observed (Figure 3.2b, c; Appendix II: Table II.1). 

The coccolith malformations are also distinct from those arising from nutrient limitation 

or temperature stress (Figure 3.1) (Gerecht et al., 2014; Gerecht et al., 2015).
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Figure 3.2 Disruption of calcification leads to a reduction in growth in C. braarudii  

a) Growth of C. braarudii and E. huxleyi at 1 or 10 mM Ca2+ for 14 d. The specific growth rate (SGR) of E. huxleyi was not significantly different at 1 mM Ca2+ 

compared to 10 mM Ca2+ (0.55 ± 0.006 se d-1 and 0.55 ± 0.002 se respectively, p= 0.91, two-tailed t-test), whereas growth of C. braarudii was severely 

inhibited (SGR 0.16 ± 0.01 se d-1 compared to the control 0.32 ± 0.01 se, p=<0.05). b) Growth of C. braarudii in 50 µM HEDP for 9 d was significantly reduced 

compared to the control (SGR 0.30 ± 0.05 se d-1 and 0.53 ± 0.01 se d-1 respectively, p=<0.05), whereas growth of E. huxleyi was not significantly different 

(SGR 50 µM HEDP 0.66 ± 0.03 se d-1, SGR control 0.76 ± 0.08 se, p=0.31). c) Growth of C. braarudii in the presence of Ge (0.2 Ge/Si) for 9 d was significantly 

reduced relative to the control (SGR 0.20 ± 0.04 se d-1 compared to 0.38 ± 0.03 se d-1 in the control, p<0.05). Error bars denote standard error and in all cases 

a two-tailed t-test was used (n=3).
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 Low Si inhibits growth when coccosphere formation is disrupted 

 We have previously shown that C. braarudii exhibits subtle defects in coccolith 

morphology after 3 d in very low [dSi] (<0.2 µM), although cells monitored for up to 8 d 

exhibited no decrease in growth rate (Durak et al., 2016). As the requirement for Si is 

likely to be low in C. braarudii (compared to silicified organisms), we grew the cells at 

very low [dSi] (<0.2 µM) for longer periods (27 d, sub-culturing the cells every 9 d) to 

ensure that any intracellular pools of Si were depleted. Light microscopy observations at 

9 d and 18 d did not reveal clear defects in the coccosphere at <0.2 µM [dSi] (Appendix 

II: Figure II.2a) compared to the control (20 µM [dSi]) and no effects on growth were 

observed. However, after transfer to the third sub-culture cells at <0.2 µM [dSi] were 

observed with incomplete or partial coccospheres after 21 d, whereas cells at 20 µM [dSi] 

were fully calcified (Appendix II: Figure II.2b). Growth was also greatly reduced at <0.2 

µM [dSi] during the third subculture compared with the control (SGR 0.11 ± 0.08 se and 

0.29 ± 0.03 se d-1 respectively, p=<0.05, n=3, one-tailed t-test) (Figure 3.3a).  

To test whether the inhibition of growth due to Si limitation was reversible, we transferred 

poorly calcified cells grown at <0.2 µM [dSi] for 21 d into media containing <0.2 µM or 20 

µM [dSi]. The cells transferred to <0.2 µM [dSi] did not demonstrate any further growth 

after 21 d and still possessed incomplete or partial coccospheres. However, the cells 

transferred from <0.2 µM [dSi] to 20 µM [dSi] exhibited fully-formed coccospheres within 

7 d of the resupply of Si and growth was partially restored after this time point (Figure 

3.3b, Appendix II: Figure II.2c). The delayed growth response to Si addition suggests that 

the recovery of a Si-dependent process, such as calcification, is responsible for the 

growth rescue rather than simply the re-supply of Si. 
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Figure 3.3 Disruption of calcification by limiting Si availability 

a) Growth of C. braarudii at <0.2 µM [dSi] in semi-continuous batch culture for 27 d. Cells were sub-cultured every 9 d. No effect of Si limitation was observed 

on growth in the first two sub-cultures (0-9 d, 9-18 d). In the third sub-culture (18-27 d), growth at <0.2 µM [dSi] was greatly reduced compared to cultures 

maintained at 20 µM [dSi] (n=3). The experiment was repeated two further times with similar results. b) Rescue of Si-limited cultures. Cells grown in <0.2 µM 

[dSi] for 21 d (sub-cultures 1 and 2) were transferred into media containing <0.2 µM or 20 µM [dSi] (sub-culture 3). Growth in sub-culture 3 was absent at <0.2 

µM [dSi]. However, growth was partially restored in cells transferred from <0.2 µM to 20 µM [dSi] (** p=<0.01, SGR calculated 7-14 d after Si resupply, one-

way ANOVA with Holm-Sidak post hoc test, n=3 biological replicates). Error bars denote standard errors.  



60 
 

 Disruption of calcification does not inhibit photosynthesis 

We examined whether inhibition of growth following disruption of calcification was due to 

an effect of calcification on photosynthesis, such as acting as a carbon concentrating 

mechanism or modulating light entry into the cell. Disruption of calcification with low Ca 2+ 

(1 mM), 50 µM HEDP or 20 µM Ge (0.2 Ge/Si ratio) had no impact on the photosynthetic 

efficiency of photosystem II (quantum yield, Fv/Fm) in C. braarudii cells after 72 h 

treatment (Figure 3.4a, Appendix II: Figure II.3). Similarly, we observed no decrease in 

the rate of photosynthetic O2 evolution in cells transferred to 0 or 1 mM Ca2+ for 24 h 

relative to the control (10 mM Ca2+) (p=0.90) (Figure 3.4b). Finally, we investigated 

carbon fixation by analysing the total particulate organic carbon (POC) content of the 

cells after 48 h in low Ca2+ treatments. There was found to be no significant difference 

between the POC content of cells in 10 and 1 mM Ca2+ treatments (279.5 ± 16.8 and 

251.4 ± 14.1 pg cell-1 respectively), analysed by a two-tailed t-test (p=>0.05, n=3), which 

indicates that the cells are fixing carbon in calcification inhibitory conditions. We conclude 

that direct inhibition of photosynthetic function does not appear to be responsible for the 

reduction in growth in C. braarudii following disruption of calcification. Moreover, the 

absence of a significant effect on photosynthetic efficiency after 72 h indicated that the 

treatments used to disrupt calcification do not lead to disruption of general cell function.   

 

Figure 3.4 Disruption of calcification with low Ca2+ does not inhibit photosynthetic activity 

a) Photosynthetic efficiency (quantum yield, Fv/Fm) of C. braarudii cultures incubated in ASW 

containing 1 or 10 mM Ca2+ for 72 h. No significant difference in Fv/Fm was observed relative to the 

control (p=>0.05 n=3, two-tailed t-test). b) Photosynthetic O2 evolution in C. braarudii cultures after 

growth in ASW with 0, 1 or 10 mM Ca2+ for 24 h. Disruption of calcification with 0 or 1 mM Ca2+ did not 

result in a statistically significant change in the rate of O2 evolution (p=>0.05 n=3, one-way ANOVA). 

Error bars denote standard error. n = 3. The experiment was repeated twice, a representative example 

is shown. 
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 The role of the coccosphere during cell division  

We next investigated whether the inhibition of growth resulted from the inability of C. 

braarudii to form a complete coccosphere. Removal of the coccosphere does not lead to 

an immediate loss of cell viability in C. braarudii: decalcified cells continue to calcify and 

eventually form a complete new coccosphere (Taylor et al., 2007; Taylor et al., 2017). 

However, the mechanisms enabling re-organisation of the coccosphere during cell 

division are not known and it is possible that disrupting calcification interferes with  this 

process. Coccolithophore cells become larger during the day and, once they surpass a 

size threshold (Müller et al., 2008), divide into two smaller daughter cells during the dark 

period. Although there are some previous observations of cell division using light 

microscopy (Parke & Adams, 1960), direct visualisation of the process in live cells has 

not been reported.  

Using time-lapse imaging, we found that dividing C. braarudii cells elongate immediately 

prior to cell division (Figure 3.5). The coccoliths move flexibly to span the fissure between 

the two daughter cells before closing in a hinge-like motion forming two distinct but 

attached cells. The coccoliths undergo further rearrangement and once both daughter 

cells have complete coccospheres the cells separate. The remarkable flexibility in the 

coccosphere ensures that C. braarudii is able to rearrange its closely interlocking 

coccoliths to cover the dividing cell throughout the entire process. We observed that cells 

remained attached for a short period after division, but then separated between 4-7 h 

later (n=4 cells undergoing both division and separation within a 12 h time course; 

Appendix II: Figure II.4). 

Interestingly, secretion of a partially formed or complete coccolith was observed during 

the process of cell division (Figure 3.5) (38.1% of all division events observed, n=21). 

This suggests that the intracellular coccolith may interfere with the rearrangement of the 

cytoskeleton during cell division and is therefore exocytosed, even if it is only partially 
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formed, which is consistent with previous light microscopy observations noting the 

absence of an internal coccolith in dividing cells (Parke & Adams, 1960). 

 

Figure 3.5 Rearrangement of the coccosphere during cell division 

Time-lapse light microscopy imaging of C. braarudii undergoing cell division recorded over 16 h in the 

dark (16ᴼC). At the onset of cell division, the cell begins to elongate and the coccoliths move flexibly 

on the cell surface to maintain a complete coccosphere (35 min). As the cell divides (300 min), the 

coccosphere rearranges to ensure both daughter cells are fully covered following division (415 min). 

In the example shown, a partially formed coccolith is secreted during to division (arrowed), implying 

that cell division occurs regardless of whether coccolith production is completed. 

 

To examine the interaction between calcification and cell division in more detail, we used 

immunofluorescence microscopy to image the microtubule network during cell division. 

In dividing cells, a very clear microtubule cable can be observed which spans both cells, 

persisting even after full separation of the daughter nuclei (Figure 3.6). Intracellular 

coccoliths are present in nearly all non-dividing cells (85.3 % of cells exhibit distinct 

coccoliths and a further 11.8 % exhibit smaller accumulations of intracellular calcite, n=68 

cells), whereas coccoliths are absent from dividing cells (n=14). These data illustrate the 

requirement for significant rearrangement of the cytoskeleton during cell division in 

coccolithophores. The absence of internal coccoliths from dividing cells supports our 

observation that coccoliths are secreted prior to cell division.  
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Figure 3.6 Immunofluorescence microscopy of tubulin in dividing cells 

The microtubule network was viewed in C. braarudii cells using immunofluorescence microscopy. A) 

3D projection of a confocal microscopy Z-stack showing the presence of internal coccoliths in non-

dividing cells (white). The nuclei are stained with Hoescht (blue) and tubulin is shown in red. Note that 

there is some background fluorescence caused by fixation with glutaraldehyde. B) The microtubule 

network in dividing C. braarudii cells is characterised by a distinct microtubule cable that spans both 

daughter cells. Two distinct  nuclei can be observed, but intracellular calcite is absent. Image is 

representative of 14 cells examined. Bar = 5 µm. 

 

 Disruption of the coccosphere prevents separation following cell division 

To test whether an intact coccosphere was required for entry into the cell cycle, 

decalcified C. braarudii cells were observed by time-lapse microscopy for 12 h. We 

observed that fully decalcified cells undergo cytokinesis, indicating that the absence of a 

coccosphere does not prevent entry into and progression through the cell cycle 

(Appendix II: Figure II.5). However, closer inspection of HEDP- and Ge-treated cells 

revealed that many cells are present in pairs, comprising two cells closely at tached to 

each other (Figure 3.7). The number of paired cells increased progressively following 

treatment, with 68 or 60 % of cells present as pairs after treatment with Ge (0.2 Ge/Si) 
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or 50 µM HEDP for 6 or 7 d respectively (Figure 3.7a, b). The paired-cell phenotype was 

not apparent in cells grown at 1 mM Ca2+ suggesting that the mechanism of growth 

inhibition may differ in low Ca2+ (Figure 3.7c). 

 

Figure 3.7 Paired cells accumulate in cells with disrupted calcification 

a) Paired cells (arrowed) accumulate in Ge-treated C. braarudii cells (2 µM Ge, 0.2 Ge/Si). The graph 

shows the percentage of cells present as pairs (viewed by light microscopy). n>100 cells for each 

measurement. Scale bar denotes 20 µm. b) Percentage of cells present as pairs in C. braarudii cells 

treated with 50 µM HEDP. c) Percentage of cells present as pairs in C. braarudii cells grown in ASW 

at 1 mM Ca2+, relative to control cells at 10 mM Ca2+. No increase in cells in pairs was observed in the 

low Ca2+ treatment. **denotes p<0.01, one-tailed t-test. n=3 replicates for all treatments. Error bars 

denote standard error. 
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Although flow cytometry is commonly used to measure cell cycle progression in 

unicellular organisms, we found that the fragile C. braarudii cells were not amenable to 

this approach. Furthermore, flow cytometry cannot adequately distinguish between two 

cells that remain attached to each other and a cell in G2/M phase. We therefore used 

time-lapse microscopy to enable the direct observation of cell division, coccolith 

production and calcification status of individual Ge-treated cells.  Importantly, this also 

allowed us to obtain detailed information on the status of the coccosphere in individual 

cells prior to division. A culture of C. braarudii cells treated with Ge (0.2 Ge/Si) was 

sampled every 24 h over a period of 5 d to generate a series of individual 12 h time-lapse 

recordings. These images revealed that the initial secretion of malformed coccoliths 

occurs within 6 h of Ge treatment, suggesting that Ge has a rapid impact on 

coccolithogenesis (Figure 3.8a, Appendix II: Figure II.6). The continued production of 

malformed coccoliths could be observed on successive days, leading to a progressive 

decrease in the integrity of the coccosphere, with most cells possessing severely 

defective coccospheres after 5 d (Figure 3.8a, Appendix II: Figure II.7). Time-lapse 

observation of individual cells indicated that the paired cells form when cells divide but 

fail to separate (Figure 3.8b). Examination of each paired cell (n>500 paired cells 

examined) indicated that in every case both daughter cells exhibited significant defects 

in coccosphere integrity. The number of cells exhibiting the paired-cell phenotype 

increased dramatically over the course of the experiment, from 4% after 24 h, through to 

89.5 % after 96 h (Figure 3.8c). The increasing proportion of cells present as pairs 

therefore correlates with both the decrease in the integrity of the coccosphere and the 

decrease in growth rate in Ge-treated cells (Figure 3.2).  

DNA staining showed that the paired cells represented two individual daughter cells, 

each with a single nucleus and a distinct plasma membrane (Figure 3.8d). No clear 

difference in DNA content was observed between control and Ge treated cells. We did 

not observe any further rounds of cell division in paired cells in time-lapse images (i.e. 

leading to the formation of tetrad cell arrangements). This indicates that there is a cell 

cycle arrest following the initial division, which is most likely the underlying cause of 

growth inhibition. 
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Figure 3.8 Progressive disruption of the coccosphere in C. braarudii cells treated with Ge 

a) Time-lapse light-microscopy showing the progressive degradation of the coccosphere and the 

accumulation of paired cells in C. braarudii cells treated with 2 µM Ge (0.2 Ge/Si) over a 96 h period. 

Cells exhibit intact coccospheres at T-0, but start to produce malformed coccoliths soon after the 

addition of Ge. After 96 h, most cells exhibit incomplete coccospheres and many are present as paired 

cells. b) Time-lapse light-microscopy showing the formation of a cell pair after 3 d of Ge treatment (0.2 

Ge/Si). Parent cells with partial coccospheres divide but daughter cells fail to fully separate. Frame 

labels represent minutes passed. c) The percentage of paired cells after treatment with 2 µM Ge (0.2 

Ge/Si) over 5 d (n= >500 cells counted).  d) Epifluorescence microscopy of paired C. braarudii cells. 

The nuclei were stained with Hoechst (blue) and the plasma membrane was stained with FM 1-43 

(green). Cells were not decalcified prior to imaging. Each paired cell examined had completed 

cytokinesis with two defined nuclei and a distinct plasma membrane. Scale bars represent 20 µm. 
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 A polysaccharide-rich organic layer contributes to cell adhesion in the 

absence of the coccosphere  

Transmission electron microscopy indicates that C. braarudii possesses an organic layer 

around the cell, which likely aids in the organisation of the coccosphere and its adhesion 

to the cell body (Taylor et al., 2007). Polysaccharides in this organic layer around 

decalcified C. braarudii cells, were visualised by microscopy of the fluorescent lectin, 

FITC-concanavalin A (Figure 3.9a). 3D reconstruction of the polysaccharide layer from 

untreated cells (i.e. those with an intact coccosphere prior to decalcification) revealed 

that its structure was not uniform, with distinct oval-shaped regions present at regular 

intervals that were not stained by FITC-conA. The mean maximal diameter of the non-

stained regions was 4.22 ± 0.16 se µm (n=15), which is similar to the inner diameter of 

the shield elements of the coccolith, suggesting that these regions may correspond to 

apertures in the polysaccharide layer that form around each coccolith. The distinct 

structural properties of the polysaccharide layer, which are retained even after 

decalcification, are likely to contribute to the dynamic re-organisation of the coccosphere 

throughout the processes of cell expansion and division. 

In situ decalcification of paired cells from a Ge-treated culture (after 96 h) revealed that 

each cell was surrounded by a distinct polysaccharide layer, further confirming that the 

paired cells are two individual cells (Figure 3.9a). Direct contact between the 

polysaccharide layers surrounding each cell suggests that the polysaccharide 

contributes to cell-cell adhesion. The polysaccharide layer was more irregular and the 

number of non-stained regions associated with the coccoliths were significantly 

decreased (p=<0.001) in Ge-treated cells when compared to the control over 48 and 96 

h (Figure 3.9b). As Ge-treated cells have partially-formed or incomplete coccospheres at 

96 h due to the inability of malformed coccoliths to integrate into the coccosphere, the 

data support the hypothesis that the non-stained regions of the polysaccharide layer are 

apertures that correspond to the position of the coccoliths. We conclude that the absence 



68 
 

of an intact coccosphere in Ge-treated cells interferes with normal separation of dividing 

cells and results in cell-cell adhesion via the polysaccharide layer. 

 
Figure 3.9 A structured polysaccharide layer is involved in organisation of the coccosphere 

a) Confocal microscopy imaging of a decalcified C. braarudii cells stained with the lectin FITC-conA 

(green). An external polysaccharide layer can be observed that is distinct from the faint staining 

present at the plasma membrane. Chlorophyll autofluorescence is also shown (red). 3D 

reconstructions of the polysaccharide layer in 0.2 Ge/Si (10 µM Si) treated cells for 96 h revealed cells 

exhibiting the paired-cell phenotype. Paired cells were first identified by light microscopy and then 

decalcified in situ to ensure that adhesion between cells were not a result of the decalcification process. 

Each cell in a pair is surrounded by a continuous polysaccharide layer (FITC-conA, green) with 

polysaccharide clearly visible at the connection point between the two cells. 3D reconstructions of the 

control polysaccharide layer reveals distinct non-stained oval-shaped regions in the polysaccharide 

layer.  3D reconstructions of the cells in 0.2 Ge/Si (10 µM Si) at 48 and 96 h also show a reduction in 

the distinct non-stained oval-shaped regions in the polysaccharide layer. Scale bars denote 5 µm. b) 

The number of visible non-stained regions cell-1 was scored at T0, 48 and 96 h. There was a significant 

reduction in visible non-stained regions in Ge-treated cells when compared to the control at 48 and 96 

h (Mann-Whitney U test p=<0.01, n=20). Scale bars denote standard error.  
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3.5. Discussion 

Our results show that disruption of calcification has dramatically different impacts on the 

physiology of C. braarudii and E. huxleyi. Growth of C. braarudii was severely inhibited 

following disruption of calcification by Ge, low Si, HEDP and low Ca2+, whereas E. huxleyi 

grew normally when calcification was disrupted by these latter two treatments. Whilst it 

is possible that Ge or HEDP may have additional impacts on the metabolism of C. 

braarudii, these treatments are not generally toxic to haptophytes, as concentrations 

much higher than those required to disrupt calcification have little impact on the growth 

of E. huxleyi and C. carterae (Sekino & Shiraiwa, 1994; Asahina, 2004; Durak et al., 

2016). Similarly, whilst Ca2+ is essential for many cellular processes, lowering seawater 

Ca2+ to 1 mM does not severely inhibit the growth of other marine phytoplankton (Herfort 

et al., 2004; Trimborn et al., 2007; Leonardos et al., 2009; Müller et al., 2015). 

Furthermore, the impact of low Si on growth of C. braarudii at <0.1 µM Si was only 

observed following disruption of the coccosphere, suggesting that the effect on growth 

was specific to the defect in calcification. The combined evidence from these four 

independent methodologies suggests that there is an essential requirement for 

calcification in C. braarudii but not E. huxleyi.  

Our data highlight the dynamic nature of the coccosphere in C. braarudii and 

demonstrate the need for coordination between calcification and the cell cycle. 

Calcification and cell division in coccolithophores are to some extent temporally 

separated, with cell division occurring primarily in the dark, whereas calcification is 

largely limited to G1 phase in the light (Paasche, 2001). Our time-lapse observations of 

dividing C. braarudii cells illustrate the rearrangement of the coccosphere during this 

process and the need for flexible organisation of the coccosphere as the cells grow and 

expand between divisions. C. braarudii cells possess ≤8 coccoliths immediately after cell 

division, but this increases to ≥16 coccoliths in cells that are ready for division (Gibbs et 

al., 2013). The coccosphere of C. braarudii therefore represents a highly dynamic single 

layer of interlocking coccoliths that is maintained throughout changes in cell volume and 

the process of cell division. It appears that the polysaccharide layer surrounding the cell 

(Taylor et al., 2007) contributes to the organisation of the coccosphere. This layer is not 

a simple gelatinous mass but has a distinct structure which appears to be formed by the 

presence of coccoliths on the cell surface. The layer also demonstrates sufficient 

structural integrity (evidenced by the retention of coccolith-related features in this layer 

following decalcification) and may play a role in the rapid rearrangement of the 

coccosphere during cell division, which indicates that coccoliths are able to move within 

the polysaccharide layer relative to each other and that their position is not rigidly fixed .
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 Our experiments provide strong evidence that disruption of calcification inhibits 

growth in C. braarudii as well as insight into the cellular mechanisms through which these 

treatments act to inhibit growth. In Ge- and HEDP-treated cells, we find that the adhesive 

properties of the organic layer likely prevent cells with disrupted coccospheres from 

separating after cell division. Paired-cells were also observed in Si-limited cells with 

disrupted coccospheres. As paired cells fail to divide further, they may be prevented from 

reaching a critical size that is required for entry into S phase, leading to cell cycle arrest. 

Entry into S phase of the cell cycle in E. huxleyi is triggered by the increase in cell size 

above a certain threshold (Müller et al., 2008). Under conditions where cells can calcify 

normally and maintain a complete coccosphere, the area of direct contact between 

dividing cells would be minimal, preventing adhesion between dividing cells. Thus, the 

defect in growth in cells treated with Ge, HEDP or low Si appears to result primarily from 

the inability to maintain a coccosphere following disruption of calcification. We did not 

find any evidence for a direct cell cycle arrest in Si-limited cells analogous to that seen 

in diatoms (Vaulot et al., 1987; Brzezinski et al., 1990). Si-limitation takes much longer 

to disrupt calcification than treatment with Ge. We presume that coccolithophores have 

a low requirement for Si and it takes many generations for the intracellular pool of Si to 

become fully depleted. The rapid impact of Ge suggests that Ge does not simply act as 

a competitive inhibitor of Si uptake, but also acts to disrupt the intracellular role of Si, as 

observed in diatoms and choanoflagellates (Azam & Volcani, 1981; Marron, A. O. et al., 

2016). 

C. braarudii cells grown at 1 mM Ca2+ did not exhibit a paired-cell phenotype, indicating 

that the growth arrest from this treatment did not arise from cell adhesion following 

disruption of the coccosphere. Whilst other marine phytoplankton are able to grow at 1 

mM Ca2+ (Müller et al., 2015), it is possible that in C. braarudii the huge demand for Ca2+ 

in calcification leads to a broad disruption of cellular Ca2+ homeostasis that interferes 

with Ca2+-dependent processes required for growth and cell division. Evidence in support 

of this hypothesis comes from studies in Chrysotila (formerly Pleurochrysis) 

haptonemofera, which demonstrates that the growth of calcifying cells is inhibited at 0.5 

mM Ca2+, whereas non-calcifying cells grow normally at this concentration (Katagiri et 

al., 2010). Low Ca2+ does not disrupt growth in calcifying E. huxleyi cells, which may be 

a reflection of its ability to greatly vary rates of coccolith production (Paasche, 1998). The 

mechanisms of Ca2+ uptake and partitioning in E. huxleyi may also differ from those in 

other coccolithophores (Sviben et al., 2016; Gal et al., 2017). The absence of a paired-

cell phenotype in C. braarudii in low Ca2+ may also relate to the influence of low external 

Ca2+ on the physical properties of the extracellular polysaccharides, as many algal 
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polysaccharides such as pectins and alginates are cross-linked by Ca2+ and exhibit vastly 

different properties at lower Ca2+ concentrations (Corpe, 1964; Haug, 1976; Matoh & 

Kobayashi, 1998; Domozych et al., 2014). 

The differing requirement to maintain a coccosphere between C. braarudii and E. huxleyi 

suggests further mechanistic differences in the calcification process. This may relate to 

the different organisation of the coccosphere in the two species, as the assembly of the 

coccosphere in E. huxleyi is less structured and can consist of multiple layers of 

coccoliths (Paasche, 2001). The coccosphere represents a uniform barrier that may help 

to protect the cell against external influences such as excessive light levels, grazing by 

bacteria and zooplankton, or infection from pathogens. Monteiro et al. (2016) proposed 

that the requirement to protect the cell from grazing pressure may even have driven the 

evolution of calcification in coccolithophores around 250 MYA. In C. braarudii, selective 

pressure to maintain the coccosphere appears to have resulted in an inability to grow 

when calcification is disrupted. We found no evidence to suggest that the inhibition of 

growth in C. braarudii was related to impaired photosynthetic function, although our 

analyses largely focussed on the light dependent reactions of photosynthesis (F v/Fm and 

O2 evolution) it was also demonstrated that carbon fixation continued after 48 h of 

calcification disruption. Therefore we can reasonably conclude our data for C. braarudii 

supports conclusions from E. huxleyi that calcification does not act primarily to support 

photosynthesis in coccolithophores under standard laboratory conditions (Bach et al., 

2013). 

To examine whether the requirement to maintain the coccosphere may be widespread 

amongst other species, we performed a survey of the coccolithophore species held in 

major algal culture collections (Table S2). Only two lineages demonstrate the abi lity to 

routinely grow in a non-calcified form in the diploid stage of the life cycle. The first of 

these groups contains solely E. huxleyi, whose ability to grow without coccoliths is well 

documented (Klaveness, 1972; Paasche, 2001). Interestingly, there are no reports that 

the closely-related species Gephyrocapsa and Reticulofenestra are able to grow in a 

non-calcified state, although all these coccolithophores within the Noelaerhabdaceae are 

closely related to Isochrysis, which has completely lost the ability to calcify. The second 

group is composed of species from the Pleurochrysidaceae (Chrysotila) and the 

Hymenomonadaceae (Ochrosphaera, Hymenomonas) in which the coccosphere is 

composed of many small coccoliths (Marsh & Dickinson, 1997; Marsh, 2006). All other 

coccolithophore species are fully calcified in healthy, actively growing diploid cultures. 

This finding suggests that maintenance of the coccosphere in the diploid life cycle stage 

is a requirement for growth in many coccolithophore species and that commonly used 
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model organisms in laboratory studies such as E. huxleyi and C. carterae are not typical 

of coccolithophores as a whole. Many species of coccolithophore produce small 

holococcoliths in their haploid life cycle stage, which are distinct from the much larger 

heterococcoliths produced by the diploid. Intriguingly, the coccolithophore species that 

do not produce holoccoliths are also the species that can exist as non-calcified diploids 

(e.g. Emiliania, Chrysotila, Hymenomonas) (De Vargas et al., 2007). While it is not clear 

whether shared cellular mechanisms contribute to the formation of hetero- and 

holococcoliths, it is interesting that these species exhibit a lower requirement for 

calcification in both life cycle stages. 

The essential requirement for an intact coccosphere in species such as C. braarudii could 

potentially influence their ecology and their response to future changes in ocean 

carbonate chemistry. The data presented here indicates that subtle impacts on 

calcification (such as those induced by low Si) may result in a progressive decline of the 

integrity of the coccosphere that eventually results in inhibition of growth. Significant 

increases in seawater CO2 (pCO2 >1000 µatm) result in a substantial decrease in both 

growth rate and calcification rate in C. braarudii and also lead to the production of 

malformed coccoliths (Langer et al., 2006b; Müller et al., 2010; Krug, 2011; Bach, 2015). 

It is interesting that prolonged growth of C. braarudii at elevated CO2 (>45 d), resulted in 

a progressive decline in growth rate (Muller 2010). Clearly, the responses of 

coccolithophores to changes in seawater carbonate chemistry are complex and will 

involve many aspects of cellular physiology, but it is possible that accumulated defects 

in coccolith morphology and resultant decline in coccosphere integrity could directly 

contribute to high CO2-related growth defects in C. braarudii. This is an important 

consideration, as it reflects a potential direct impact of decreased calcification on 

physiology, which is not observed for E. huxleyi. 

In summary, our results show that the ability of diploid E. huxleyi cells to persist in a non-

calcifying form is not typical of all coccolithophores. The requirement for calcification in 

C. braarudii is primarily due to its need to maintain a full coccosphere, indicating that  it 

is the coccosphere, rather than simply the ability to precipitate calcite, that is central to 

its ecology. 
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4. Molecular characterisation of Si 
transporters in Coccolithus braarudii 
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4.1. Abstract 

Biomineralisation by marine phytoplankton, specifically calcification by coccolithophores 

and silicification by diatoms play an important role in ocean biogeochemical cycles. It 

was previously thought that coccolithophores do not require silicon (Si) which allowed 

them to often succeed diatoms following Si depletion by diatom silicification. However, 

recent research has identified that some coccolithophores possess two types of putative 

Si transporter: SITs, which are directly related to Si transporters found in diatoms, and a 

novel group of related proteins known as SITLs. We have examined the regulation of 

SITL expression in Coccolithus braarudii under a variety of growth conditions to explore 

the cellular role of these novel Si transporters. The data presented here demonstrates 

that SITL expression is regulated in response to available Si in C. braarudii, specifically 

Si replenishment following a period of starvation. This expression regulation implies that 

that there is a need to actively transport Si in C. braarudii. SITL expression is also only 

detected in the diploid, heterococcolith-bearing life stage and absent in the haploid, 

holococcolith-bearing life stage. These findings indicate that Si is likely involved 

specifically in heterococcolith calcification. Finally we identified the presence of SITL 

expression in a natural C. braarudii population off the coast of Plymouth, framing our 

findings in an environmental context. These findings are relevant for discussions on the 

evolution of Si transporters and the role of Si in coccolithophore calcification. 
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4.2. Introduction  

The use  of silicon (Si) is highly taxonomically diverse, utilised by a broad range of 

organisms from bacteria to humans (Birchall, 1995). Si is most commonly involved in the 

production of siliceous structures (Simpson & Volcani, 2012) which occur in a variety of 

organisms, many of which are found in the protists (Knoll & Kotrc, 2015). Si utilisation is 

common throughout the tree of life but many of its cellular mechanisms and roles remain 

unknown.  

In the marine environment the diatoms dominate the use of dissolved Si (dSi). Diatoms 

are globally abundant, microscopic algae that are found in the photic zone of the oceans 

and are of huge ecological importance due to their high levels of productivity (Falkowski 

et al., 1998). Diatoms are encased Si frustules, shell-like structures that are incredibly 

intricate and have even inspired modern structural engineering and have 

biotechnological applications (Henstock et al., 2015). As a result of their high dSi usage, 

diatoms have been attributed to the reduction in the availability of dSi since their evolution 

(Sullivan & Volcani, 1981; Marron, Alan O. et al., 2016). The current oceanic average is 

approximately 70 µM but is often less than 10 µM in surface oceans (Treguer et al., 

1995).  

Although Si is the second most abundant element in the Earth’s crust (Lutgens et al., 

2014), it has become a limiting nutrient for diatoms in surface waters and is an important 

factor in their ecology. Crucially, available Si from silica dissolution is very slow and as a 

result, diatom blooms can deplete dSi in the surface ocean sufficiently to prevent their 

own further growth. If other nutrients such as nitrate or phosphate are still available, then 

Si limitation is thought to contribute to seasonal succession in phytoplankton groups, 

whereby an initial diatom spring bloom can be followed by subsequent blooms of non-

siliceous phytoplankton. There is evidence that the low availability of Si is an important 

contributory factor in the formation of blooms by the coccolithophore Emiliania huxleyi.  

Blooms in areas such as the North Atlantic, the Black Sea and off the Patagonian shelf 

have been associated with low dSi availability (Leblanc et al., 2009; Balch et al., 2014; 

Hopkins et al., 2015). Therefore the availability of dSi is thought to influence not only the 

ecology of diatoms directly but other major phytoplankton groups as well.   

Diatoms transport Si from the environment in the form Si(OH)4 through Si transporters 

(SITs) (Hildebrand et al., 1997; Amo & Brzezinski, 1999). SITs are Na-coupled active 

transporters formed of membrane associated proteins. The structure of SITs has been 

well studied, they have 10 trans-membrane domains (TMDs), formed of two identical five 
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TMD sets (Figure 4.1a). The transport site is thought to be within EGxQ and GRQ motifs, 

found at TMD2-3 and TMD7-8 (Thamatrakoln et al., 2006; Thamatrakoln & Hildebrand, 

2007). Diatoms have multiple SITs which may be involved in different stages of 

silicification, the cell cycle and have different functions (Thamatrakoln et al., 2006; 

Thamatrakoln & Hildebrand, 2007; Mock et al., 2008; Sapriel et al., 2009; Shrestha & 

Hildebrand, 2015). SITs are regulated in response to Si availability, i.e. their expression 

is up-regulated in response to Si limiting conditions , in both laboratory culture (Shrestha 

et al., 2012; Smith et al., 2016; Brembu et al., 2017) and natural populations (Durkin et 

al., 2012).  

 

Figure 4.1 The structure and distribution of SITs and SITLs in coccolithophores 

(a) A schematic image of the domain architecture of the SITs and the SITLs indicating the 

approximate position of the transmembrane domains and of the conserved motifs. (b) A 

schematic tree adapted from Durak et al. (2016), based on multiple gene phylogenies (Liu et al., 2010), 

transcriptome (Keeling et al., 2014) and genome (Nordberg et al., 2013) analysis to show the 

distribution of SITs and SITLs in coccolithophores. Interestingly there is a lack of identified Si 

transporters in two distinct groups, the Pleurochrysidaceae and Isochrysidales. Repeated section 2.2. 

Recently SITs have also been identified in other important marine organisms including 

silicified choanoflagellates (Marron et al., 2013) and a silicified haptophyte (Durak et al., 

2016). Perhaps more surprising was the identification that some coccolithophores, 

calcifying haptophytes, have been identified as having SITs (Scyphosphaera apsteinii) 

and SITLs (Coccolithus braarudii and Calcidiscus leptoporus) (Durak et al., 2016) (Figure 

4.1). It is important to note that not all species of coccolithophore have Si transporters, 
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with the globally abundant, bloom forming E. huxleyi (Tyrrell & Merico, 2004) notably 

absent from the group. The coccolithophore SITLs are very similar to SITs but only have 

five TMDs, rather than the full 10. The coccolithophores with SIT/Ls utilise Si within the 

calcification process (Durak et al., 2016), but the precise role Si plays and the function 

of the Si transporters are not yet understood. In order to begin investigating this, we can 

examine the coccolithophore SIT/L expression to see how it compares to diatoms. If 

coccolithophores have a characteristic expression pattern relating to the availability of Si 

then there is an indication there is a need to actively transport Si.  

Until now investigations have focussed on the diploid heterococcolith bearing life stage. 

Coccolithophores also have a haploid life stage. In some species, haploid cells are also 

calcified by coccoliths known as holococcoliths. Holococcoliths are a simple rhomb 

crystal structure and are thought to be formed externally (Rowson et al., 1986) unlike the 

complicated, internally formed heterococcoliths. It is not currently known whether Si is 

involved in the holococcolith calcification process. To fully elucidate what role Si plays in 

calcification, investigation into the involvement of Si and SIT/Ls in the haploid life stage 

is required.  

The wide distribution of these transporters in ecologically important marine organisms 

makes their characterisation of particular interest. However, all previous studies have 

focussed on laboratory culture studies. Although these are incredibly useful for 

manipulating the conditions in which the algae are subjected, we do not know for sure if 

their responses mimic those in the natural world. The revelation that coccolithophores 

require Si has great influence on the current understanding of phytoplankton ecology and 

should be grounded in environmental studies where ever possible.  

This investigation aims to further characterise SITLs in coccolithophores. We have 

chosen to utilise C. braarudii due to its ease of culture, ecological relevance (Daniels et 

al., 2016) and holococcolith formation in the haploid life stage. In this investigation we 

explored the regulation of SITLs in C. braarudii to address a number of aims:  

1. To quantify the active draw-down of Si from seawater media in cultures of C. 

braarudii. This would be a strong indication of Si being utilised by coccolithophores 

with SITLs. Comparison to diatoms and coccolithophores without SITLs will indicate the 

extent of the Si requirement in this species.  

2. To design and validate a quantitative PCR (qPCR) methodology to 

quantify the expression of SITLs in C. braarudii.  No previous investigations have 
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quantified gene expression changes in C. braarudii therefore full validation of the 

methodology and reference genes are required. 

3. Establish if SITLs are regulated in response to environmentally 

available [dSi] in C. braarudii. Diatoms regulate their SIT expression in response to 

available [dSi], i.e. in Si limiting conditions SITs are up-regulated. If we can establish 

whether or not SITLs in C. braarudii have a characteristic expression pattern in response 

to available [dSi] then we can reason that there is a need to actively transport Si in C. 

braarudii.  

4. Investigate if SITLs regulated at different life cycle stages in C. 

braarudii. Calcification differs between diploid and haploid coccolithophores, any changes 

in expression between these two life cycle stages may give us a greater understanding of 

the role Si plays in calcification.   

5. Identify C. braarudii SITL expression in natural populations. All 

previous work has been conducted in laboratory culture. If we can positively identify the 

expression of SITLs in natural populations we can compare our observations in vivo and 

in vitro.   
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4.3. Materials and Methods 

 Algal strains and culture Conditions 

Coccolithophores, diploid C. braarudii (PLY182g), haploid C. braarudii (RCC3777), 

diploid E. huxleyi (CCMP1516) and diatom Thalassiosira weissflogii (PLY541) cultures 

were grown in filtered seawater (FSW)  with added f/2 nutrients (Guillard & Ryther, 1962). 

Cells were illuminated with 55-65 µmol photons m-2 s-1 on an 16:8 h light:dark cycle and 

incubated at 15ᴼC. The FSW was collected in May from the Western English Channel, 

after the diatom spring bloom, to ensure naturally low [dSi] concentrations (≤2 µM). 

Where FSW with very low [dSi] was required (<2 µM), the diatom T. weissflogii (PLY541) 

was used to further deplete the [dSi] as described previously (Durak et al., 2015). The 

diatom-depleted seawater was used with the addition of f/4 nutrients (without Si). The 

[dSi] was determined using a silicate molybdate-ascorbate assay (Kirkwood, 1989). 

Measurements from the Si draw-down experiment were conducted at UNCW Centre for 

Marine Science using an AutoAnalyzer3 (Bran Luebbe, Germany) with a standard range 

of 1.66 to 4.99 µM [dSi]. The [dSi] in environmental samples collected off Plymouth were 

measured at Plymouth Marine Laboratory in collaboration with Malcolm Woodward. The 

[dSi] was amended by the addition of Na2SiO3.5H2O where required. For growth 

experiments, coccolithophore cultures were acclimated to the appropriate [dSi] for 

several generations (1 month) prior to the investigation. All culture experiments were 

conducted in triplicate. 

 SITL Expression Analysis 

All qPCR experiments were designed to follow MIQE guidelines (Bustin & Nolan, 2004). 

4.3.2.1. RNA Extraction and cDNA Synthesis 

20 ml of exponential growth phase culture (approximately 20, 000 cells ml-1) was 

centrifuged at 3800 g for 5 min at 4ᴼC. The supernatant was removed and discarded. 

Cell pellets were stored at -80ᴼC prior to extraction. Total RNA was extracted using 

Isolate II RNA Mini Kit (Bioline), as per manufacturers’ cell culture extraction instructions 

with additional elution stage to improve RNA yield.  

Extractions were treated with RQ1 RNase-free DNase (Qiagen) to remove any DNA 

contamination. Extractions were subsequently checked for purity using a Nanodrop 1000 

(Thermo Fisher Scientific) (A260/A280 ratios > 1.80) and quantified using Quantifluor 

Single-tube RNA System (Promega) and a 100 ng µl-1 standard.  
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50 ng of cDNA was synthesised per sample/standard using a SensiFAST cDNA 

Synthesis Kit (Bioline) as per instructions with additional No Reverse-Transcriptase 

Controls (NRTCs) for each treatment to ensure no DNA contamination occurred. cDNA 

and NRTCs were stored at -20ᴼC prior to analysis.  

4.3.2.2. Primer Design  

The published C. braarudii transcriptome (MMETSP0164) from the Marine Microbial 

Eukaryote Transcriptome Sequencing Project (MMETSP) (Keeling et al., 2014) was 

utilised to design species specific primers for qPCR experiments. Primers were designed 

using Geneious R8 (Kearse et al., 2012) with Primer3 v2.3.4 (Rozen & Skaletsky, 1999) 

for C. braarudii genes SITL, EFL, RPS1 and TATA Box1. The primers were designed to 

be approximately 150 bp long for optimal qPCR amplicon length. To ensure specificity, 

all primer sequences were BLASTED against NCBI GenBank and MMETSP (Keeling et 

al., 2014) coccolithophore transcriptome sequences.  

Multiple primers were designed from each gene and their efficiency tested using gradient 

PCR. All primers were additionally checked against E. huxleyi cDNA to ensure no non- 

specific amplification was occurring.  Full details of primers selected for qPCR is found 

in  

 

 

Table 4.1. 
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Table 4.1 Primer details for qPCR 

Gene 

Name 

Full Name Target Sequence ID Primer 

Name 

Primer Sequence Annealing Site Amplicon 

Length 

SITL Diatom-like 

Si 

Transporter 

Query CAMNT_0025525

031 

CbrSITL_F CGCTGGCATGAATC

AAGGTG 

104-123 150 

CbrSITL_R CATATTCCTCCGCAC

GTCGT 

234-253 

EFL Elongation 

Factor 

Reference CAMNT_0025499

507 

CbrEFL_F GTGCACCACCAAGG

AGTTCT 

288-307 172 

CbrEFL_R GTGGTTGCCCTTTTG

GATGG 

440-459 

RPS1 Ribosomal 

Protein S1 

Reference CAMNT_0025558

139 

CbrRPS1_F GCGTCGGAGAAGAC

AGACTC 

801-820 150 

CbrRPS1_

R 

GGGAGACATGCTCA

AGAACCA 

930-950 

TATB TATA Box 

Binding 

Protein 

Reference CAMNT_0025539

907 

CbrTAT_F TGCCCGATACGAAG

ATGAGC 

134-153 150 

CbrTAT_R TCGCCTCTTGTGAC

GTCAAG 

264-283 
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4.3.2.3. PCR Efficiency 

C. braarudii cDNA was serially diluted (1:5) to generate a five concentration efficiency 

curve. All efficiency curves of optimised reference genes had an R2 value ≥99.5% and 

efficiencies were between 100-105% (Table 4.2). At this stage TATB was rejected as a 

reference gene due to the high calculated amplification efficiency and low R 2 value, 

indicated (grey) in Table 4.2. Two reference genes, EFL and RPS1 will be referred to 

from now on.  

Table 4.2 Standard Curve Reaction Efficiencies 

Gene  Target R R2 M B Efficiency 

SITL Query 0.997 0.995 3.23 19.5 1.04 

EFL Reference 0.999 0.998 3.20 13.1 1.05 

RPS1 Reference 0.998 0.997 3.33 17.6 1.00 

TATB Reference 0.997 0.993 2.96 21.4 1.18 

4.3.2.4. qPCR Reactions 

Reactions were conducted using a Rotorgene 6000 cycle (Qiagen, USA) in 10 or 20 µl 

reaction volumes of SensiFAST No-ROX Kit (Bioline, UK). Following primer optimisation, 

PCR reactions were conducted with 400 nM final primer concentration for EFL reactions 

and 200 nM final concentrations for SITL and RPS1 reactions.  PCR cycles were 

conducted with 95ᴼC 2 min hold, followed by 40 cycles of 95ᴼC denaturing for 5 s, 62ᴼC 

annealing for 10 s and 72ᴼC extension step (acquisition at end of extension step) for 20 

s. A high resolution melt (HRM) curve, 72 - 95ᴼC with 1ᴼC ramp was conducted after 

amplification to ensure the amplicon had a comparable melting temperature when 

compared to positive control. NRTCs and no template controls were included in all 

reactions. All standards, samples and controls were run in duplicate. All qPCR reaction 

efficiencies were >90% and all PCR products were run on gel electrophoresis to ensure 

correct amplicon size.  

Data was analysed using Relative Expression Software Tool (REST©) (Pfaffl et al., 2002) 

and SigmaPlot v 13.0. 

 C. braarudii SITL Expression in Natural Populations  

4.3.3.1. Sample Site and Collection Method 

Samples were collected at L4 Station, 10 nautical miles SW of Plymouth. 15 and 50 µM 

plankton nets were towed behind RV Sepia for 10 min and the contents resuspended in 

2 L of surface seawater. The samples were kept at 5ᴼC for 2 h following collection and 
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prior to centrifugation. Samples were taken for RNA extraction, and microscopy (details 

below).  

200 ml of sample from each net were centrifuged at 3800 g at 4ᴼC for 10 min to pellet 

the plankton. The supernatant was removed and the pellets were stored at -80ᴼC prior 

to RNA extraction.  

The map of L4 Station was produced using ArcGIS 10.2.2.  

4.3.3.2. Microscopy 

To positively identify C. braarudii in the L4 plankton tow, initial observation was 

conducted by light microscopy using a Leica DMi8 Inverted Microscope with a DFC7000 

T colour camera (Leica Microsystems, UK). To confirm this observation, 10 ml of the 15 

µM net plankton sample was prepared for scanning electron microscopy (SEM). Samples 

for SEM were filtered onto a 13 mm 0.4 µm Isopore filter (Millipore EMD) and rinses with 

5 ml MilliQ water to remove any salt. Filters were air dried, mounted onto an aluminium 

stub and sputter coated with 10 nM Au/Pd (Emitech K550, Quorum Technologies, UK). 

The sample was analysed using a Jeol JSM-6610LV SEM. 

4.3.3.3. Genetic Analysis 

The RNA was extracted, cDNA prepared and qPCR conducted as previously described. 

qPCR reactions for C. braarudii were conducted for SITL and EFL genes. Positive qPCR 

amplicons of both genes were sent to SourceBioscience (Rochdale, UK) for chain 

termination sequencing with PCR clean-up. The sequences were inspected using BioEdit 

v7.2.5 (Hall, 1999) and analysed using Geneious 8.0 (Kearse et al., 2012).  
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4.4. Results 

 Uptake of [dSi] by coccolithophores 

In order to establish the extent of the requirement for Si in C. braarudii we compared the 

uptake of [dSi] in the diatom T. weissflogii, a coccolithophore without SITLs, E. huxleyi, 

and a coccolithophore with SITLs, C. braarudii (Figure 4.2a). All cultures were in mid-

exponential growth phase when analysed (Figure 4.2b). As expected diatom T. 

weissflogii removed almost all [dSi] from the seawater media over the 5 d period. No 

detectable difference in [dSi] between the two coccolithophores was observed.  

 

Figure 4.2. Uptake of [dSi] by T. weissflogii, C. braarudii and E. huxleyi 

Concentration of [dSi] in the seawater media was measured over 5 d (a) for cultures containing diatom 

T. weissflogii and coccolithophores C. braarudii (SITL) and E. huxley (no SITL). T. weissflogii removed 

all available [dSi] over the incubation period, while the coccolithophores C. braarudii and E. huxleyi 

exhibited no change in [dSi]. All cultures were in mid-exponential growth phase (b). Error bars denote 

standard error. 

 

As coccolithophores are not silicified organisms and we see no detectable evidence of 

[dSi] uptake in the cultures of C. braarudii, it is reasonable to hypothesise the requirement 

for Si is small. In our previous experiments (section 3.4.3) high density cultures (>30, 000 

cell ml-1) were achieved prior to Si starvation effects, here the cell densities are lower 

(22, 000 cell ml-1 after 5 d, Figure 4.2b) which may not be dense enough to remove a 

detectable amount of dSi over the 5 d period. We must also consider that C. braarudii 

may have an intracellular reserve of Si or that they may not be actively up taking Si this 

time. Although the active uptake was not detectable under these experimental conditions, 
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examining the expression of the SITL may shed light on whether the transporters are 

expressed under these conditions. Thereby implying that C. braarudii has the potential 

to uptake Si if necessary. 

 SITL expression during changing Si availability 

To our knowledge this is the first expression study to have been conducted on C. 

braarudii to date. Therefore in order to utilise qPCR to investigate the expression of SITLs 

a set of reference genes and SITL (query) primers were designed against C. braarudii 

transcriptome (MMETSP0164) and their efficiency validated (section 4.3.2). qPCR was 

conducted  in accordance with MIQE standards (Bustin & Nolan, 2004). The use of two 

reference genes (EFL and RPS1) was successful in normalising the expression changes 

in SITLs under various experimental conditions. It was possible to account for any 

contamination or non-specific amplification using the HRM and gel electrophoresis 

quality control method. Good replication was observed between biological replicates 

(n=3) and technical replicates (n=2) (qPCR duplicates). As a result we are confident the 

assay developed here is robust and produces an accurate depiction of SITL gene 

expression in C. braarudii.  

In order to investigate the response of C. braarudii SITLs to changing [dSi] we grew 

cultures in DDSW with [dSi] amended to 10 µM for one month. Cells were then 

transferred to control (10 µM) and very low (0.22 µM) Si conditions (Figure 4.3 

schematic). Changes in SITL and reference gene expression were analysed following 1 

and 8 d of incubation. The fold change expression of the SITLs transferred to very low Si 

relative to the control was not significantly different following 1 d (P(H1) = 0.697) or 8 d 

of incubation (P(H1) = 0.298) when analysed using Pfaffl method (Figure 4.3, full Pfaffl 

output, 6.6.Appendix III: Table III.1). These data show there is no upregulation of SITLs 

in response to a rapid decrease in the availability of [dSi] in C. braarudii over an 8 d 

period.  

The previous data (Figure 4.2) indicated that the requirement for Si is very low in C. 

braarudii. This may explain why there is no immediate expression response to the 

reduction in [dSi]. It is possible that an intracellular Si pool may not be fully depleted 

under the experimental conditions. The 0.22 µM Si may not be low enough to initiate Si 

starvation over a period of 8 d and therefore we do not see the upregulation of SITLs 

under these circumstances. It is very difficult to achieve lower [dSi] DDSW as the diatoms 

cannot grow and uptake the Si past these low concentrations.  
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Figure 4.3 The expression of SITLs in response to Si reduction 

C. braarudii cultures were grown in 10 µM Si for one month then transferred to control (10 µM) and 

very low (0.22 µM) Si conditions (schematic). Labels denote [dSi]. Gene expression of the low Si 

conditions SITLs relative to the control was analysed after 1 and 8 d of incubation. No significant 

difference was observed over 8 d of incubation when calculated using Pfaffl method (n=3, P(H1)= 

0.697 and 0.298 respectively). Error bars denote standard error. 

 

Additionally, we investigated whether C. braarudii SITL expression responded to Si 

resupply conditions following a period of Si starvation. We acclimated C. braarudii in 

DDSW (0.22 µM Si) for one month prior to experimentation to enable Si starvation 

conditions to be established (Figure 4.4 schematic). After 48 h there was no down 

regulation of SITLs in all three treatments. After 96 h (5 d) there was down regulation in 

the higher Si addition treatments (20 and 100 µM) with the 100 µM treatment exhibiting 

a statistically significant down-regulation of SITLs when compared to the Si starvation 

control (P(H1)=0.045) analysed using the Pfaffl method (Figure 4.4, full Pfaffl output 

Appendix III: Table III.2).  

The down-regulation of SITLs in the 100 µM Si treatment is likely to be because of the 

switch to Si diffusion from active transport, it has been shown in diatom models the 

concentrations greater than 30 µM allow Si diffusion across the plasma membrane to 

take place (Thamatrakoln & Hildebrand, 2008). 
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Figure 4.4 Expression of SITLs in response to Si replenishment 

C. braarudii cultures were grown in 0.22 µM Si for one month then transferred to 0.22 (control), 2, 20 

and 100 µM Si (schematic).  Labels denote [dSi]. SITL expression was analysed relative to the control 

after 48 and 96 h. No significant difference in the 2, 20 and 100 µM Si was observed after 48 h of 

incubation when calculated using Pfaffl method (n=3, P(H1)= 0.842, 0.721 and 0.481 respectively). 

After 96 h SITLs were down regulated in 20 and 100 µM Si treatments, with a statistically significant 

down regulation in the 100 µM Si treatment (n=3, P(H1)=0.045).  Error bars denote standard error.  

 SITL expression changes in response to life cycle stage  

Following the identification of a Si requirement for calcification in diploid C. braarudii 

(Chapter 2) (Durak et al., 2016) we explored whether SITLs were involved solely in 

heterococcolith formation during the diploid life stage or whether they were also utilised 

during holococcolith formation in the haploid life cycle stage. Holococcolith formation is 

distinct from heterococcolith formation and is thought to occur externally (Rowson et al., 

1986). The distinction between SITL function would aid the identification of the role Si 

and SITLs play in coccolithophores.  

No expression of a SITL transcript was detected by qPCR implying SITLs are completely 

down-regulated in the haploid stage. The reference genes (EFL and RPS1) were 

expressed reasonably consistently between diploid and haploid, shown in both the 

expression data (Figure 4.5a) and accompanying gel electrophoresis images (Figure 
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4.5b). From this data we can conclude that SITL expression and the utilisation of Si are 

only involved in the diploid, heterococcolith bearing life stage.  

  

Figure 4.5 The expression of SITL, EFL and RPS1 genes in haploid C. braarudii 

The haploid life cycle stage of C. braarudii exhibits complete down regulation of SITLs when compared 

to the diploid (2n) expression. Reference genes EFL and RPS1 are similar between haploid (1n) and 

diploid (2n) expression data. Gel electrophoresis bands show consistent amplification between haploid 

(1n) and diploid (2n) in EFL, RPS1 but no amplification was observed in haploid (1n) SITL.  

We attempted to corroborate the gene expression data with protein expression data. 

However, we were unable to obtain robust immunoblots from three independent 

antibodies raised against SITL peptides. Further work is needed to optimise this 

technique in C. braarudii and other coccolithophores.  

 SITL expression in natural populations  

All experiments on coccolithophore SITLs to date have been conducted on laboratory 

cultures. We investigated whether the C. braarudii SITLs were expressed in a natural 

population off Plymouth, specifically at L4 sample station (Figure 4.6a). C. braarudii is 

an infrequent visitor to this station (2017) so we monitored the weekly plankton samples 

between August and September 2017 using light microscopy (LM) looking for this 

species. C. braarudii was positively identified August (14.8.17) using LM (Figure 4.6b) 

and confirmed this observation using SEM (Figure 4.6c).  
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The [dSi] of L4 surface water was measured at the same time as C. braarudii was 

identified. The surface [dSi] was 0.66 µM (Observatory, 2017), a low concentration and 

within the range we have found functional expression of SITLs in laboratory culture 

studies (0.22 – 100 µM). The [dSi] at L4 station was constantly <5 µM during 2017, with 

lows of <1 µM throughout the summer months (Observatory, 2017). L4 station is 

consistently within the [dSi] range whereby we have detected SITL expression in our 

laboratory experiments. 

Following the visual identification, we extracted total RNA and positively identified EFL 

and SITL sequences for C. braarudii using qPCR (Figure 4.6d). Initially we utilised gel 

electrophoresis and HRM to select amplicons for sequencing. All sequenced amplicons 

ran comparatively to standards on gel electrophoresis with no primer dimers (Figure 

4.6d) and all fell between SITL standard melting temperature range (86.8 – 87.8ᴼC) and 

EFL standard melting temperature range (87.5 – 88.6ᴼC). 

Sanger sequencing was used to validate the qPCR data, we found that the environmental 

SITL consensus sequence and our laboratory culture reference sequence aligned with a 

100% match over the 150bp amplicon. EFL environmental consensus sequence matched 

the reference sequence 95% over 174 bp amplicon length. The eight base differences in 

identities in EFL sequence may be due to sequence variation between the natural 

population and the laboratory culture or due to sequencing error. More environmental 

sequences would be needed to resolve this difference. Full alignments see Appendix III: 

Figure III.1.  

The environmental consensus sequences were additionally searched against the NCBI 

BLAST search engine using the blastn function (Altschul et al., 1990). The SITL top hit 

was Calcidiscus leptoporus SITL (Sequence ID: KR677451.1) at 90% identities. The EFL 

top BLAST hit was Micromonas commode EFL (Sequence ID: XM_002502902.1) at 93% 

identities. These matches are not as strong as those reported above. There are currently 

no C. braarudii EFL and SITL sequences deposited in the NCBI database. The data show 

C. braarudii SITLs are expressed in the natural population at L4 station off Plymouth and 

not just in laboratory culture. 
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Figure 4.6 Expression of SITLs in natural coccolithophore populations 

We analysed L4 station (a) plankton tow net samples for the presence of C. braarudii using light 

microscopy (b). When C. braarudii was positively identified the observation was confirmed using 

scanning electron microscopy (c). EFL and SITL sequences were successfully amplified from RNA 

extracted from L4 sample, confirming the presence and expression of C. braarudii SITLs in natural 

population.  
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4.5. Discussion 

In this investigation we show that SITL expression in the ecologically important C. 

braarudii (Daniels et al., 2014) can be characterised by qPCR. The data indicate C. 

braarudii consistently expresses SITLs in low [dSi] conditions and responds to a surge 

in Si by down-regulating SITL expression. Additionally we clarified that SITL expression 

is closely associated with heterococcolith calcification in the diploid life cycle stage and 

is not linked to the haploid life stage. Finally, we positively identified the active expression 

of SITLs in a natural population of C. braarudii at L4 station off Plymouth, UK. This 

interesting observation takes work previously based in laboratory culture and frames it in 

an environmental context.  

C. braarudii is not a silicified organism but it has an obligate requirement for Si in 

calcification. Our data show that the requirement for Si is low, when considering the Si 

draw-down and the Si starvation SITL expression data. These data contrast to that in 

diatom literature whereby SITs have been shown to be highly regulated in response to 

Si depletion (Shrestha et al., 2012; Smith et al., 2016; Brembu et al., 2017). It is important 

to note that diatoms rapidly deplete their internal and extracellular [dSi] due to the 

extensive silicification and Si uptake (Sullivan & Volcani, 1981) and therefore need to 

increase their Si transporters to meet demand. This is not the case in coccolithophores. 

Our data shows SITLs are functional in laboratory culture across an environmentally 

relevant range of [dSi] (0.22-10 µM) and in the environmental samples, which were 

isolated from waters with a [dSi] of 0.66 µM. We can reasonably conclude that C. 

braarudii is likely to consistently require SITL expression in average surface water 

conditions of ≤10 µM [dSi] and that these are down-regulated when [dSi] is abundant. 

We are yet to identify the exact role Si plays in coccolithophore calcification; once this is 

elucidated it may be possible to calculate a Si budget for each species of 

coccolithophore. This revelation would provide an interesting insight into the evolution 

and ecology of coccolithophores. 

The down-regulation of SITLs in response to replenishment of [dSi] is likely due to the 

lack of necessity to actively transport Si under these conditions. In this case we may 

compare C. braarudii to the existing model in diatoms; following Si starvation diatoms 

respond with a period of Si replenishment known as surge uptake, whereby SITs are still 

expressed. A similar response may have been observed in C. braarudii, whereby there 

was no down-regulation of SITLs after 48 h despite the fact that the dSi is now 

concentrated enough to diffuse across the cell membrane (Johnson & Volcani, 1978; 

Thamatrakoln & Hildebrand, 2008). When the Si is recovered in diatoms, the SITs are 
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subsequently down-regulated (Shrestha et al., 2012). We also see a down-regulation of 

SITLs in high [dSi] after 96 h (5 d) in C. braarudii. The diatom SIT response occurs over 

a period of hours (<9 h) whereas the SITL expression responds over 5 d. The different 

mechanisms behind Si sensing and transport, and the reliance on the element for 

essential life processes between these two algal groups are likely to be the reason 

underlying this time-frame distinction.  

It has been suggested that SITLs may be an evolutionary precursor to the SITs. 

Eukaryotic Si transporter sequences fall into three groups; Group 1 SITLs, Group 1 SITs 

and Group 2 (containing both SIT/Ls). The coccolithophore SITLs are classed as Group 

1 SITLs and are considered predecessors to the Group 1 SITs found in organisms 

including coccolithophore S. apsteinii, the silicified haptophyte Prymnesium neolepis and 

the diatoms. The SIT system is thought to be evolved from a fusion of two five TMDs 

SITLs, whereby the fusion may confer beneficial properties that are absent in the SITLs 

(Marron, Alan O. et al., 2016). An interesting candidate to expand this research is the 

coccolithophore S. apsteinii, which has both SITLs and SITs (Durak et al., 2016). Here 

we may find an evolutionary link between the two systems and a check point in the 

evolution of the transporters and insight into their functional differences.  

One functional difference may be the Si transporting capabilities of each system, i.e. the 

SITL system may be less efficient than that of the SIT system. The consistent expression 

of SITLs in low [dSi] conditions demonstrates that the low Si requirement in C. braarudii 

can be satisfied by the function of SITLs. This is also likely to be the case for the closely 

related C. leptoporus which also has SITLs (Durak et al., 2016). In contrast, S. apsteinii 

may have a higher requirement of Si. We know S. apsteinii has a very different 

coccosphere to C. braarudii and C. leptoporus, with considerably larger barrel-shaped 

lopadoliths and flat disk-shaped muroliths in a dimorphic arrangement. Si has also been 

identified within the coccolith composition (Drescher et al., 2012). Differences in the 

coccoliths or their production may infer a greater requirement for Si for calcification in 

this species. The presence of both transporters may therefore have evolved to meet the 

higher Si demands. It is likely that SITs are more efficient at transporting Si as the 

silicified haptophyte P. neolepis, which clearly has a higher Si requirement, has SITs and 

not SITLs present in its transcriptome. The SITs are known to provide enough Si for 

extensively silicified organisms including diatoms, whereas SITLs may not. It is important 

to note that as SITLs have not been extensively characterised, they may have properties 

that differ to SITs that are not yet known. More work to characterise the efficiency of the 

SITL transporters is necessary to explore this hypothesis.  
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The lower Si requirement may also have an impact on the required accompanying 

mechanisms to Si transport in coccolithophores. Diatoms have a complex Si sensory 

mechanism (Shrestha & Hildebrand, 2015) and a suite of Si transport associated genes 

(Hildebrand et al., 1998; Armbrust et al., 2004), whether or not coccolithophores have an 

extended Si sensory mechanism is yet to be divulged but their consistent expression 

below the Si diffusion threshold may imply it is not crucial in these calcified organisms. It 

is likely that coccolithophores utilise a more primitive Si system than diatoms to meet 

their lower Si demands.  

It is important to consider the environmental conditions at the time of evolution and the 

influences this may have on the coccolithophore SITLs. The coccolithophores which have 

SIT/Ls are considered to be from the more ancestral lineages in modern extant species 

(Liu et al., 2010; Durak et al., 2016) and therefore likely to retain certain ancestral 

features. The evolution of calcification in coccolithophores can be traced phylogenetically 

and in the fossil record to approximately 220 million years ago (MYA) (Brown et al., 2004; 

De Vargas et al., 2007). The available [dSi] at the 220 MYA was approximately 1 mM, 

considerably higher than in modern oceans (Siever, 1991; Treguer et al., 1995). It has 

been suggested that coccolithophores evolved SITLs to cope with the high [dSi] in their 

environment, the presence of Si in the intracellular space is likely to be controlled due to 

the tendency of Si to polymerise, which can be destructive to cellular function (Marron, 

Alan O. et al., 2016). It is also possible that the SITLs evolved to replenish the Si needed 

for calcification when environmental [dSi] began to decrease rapidly with the evolution of 

the diatoms 140 MYA (Gersonde & Harwood, 1990). The requirement for Si in 

calcification may have preceded the SIT/L evolution in the high [dSi] world 

coccolithophores originated in. It is unlikely SITLs evolved to transport Si in an 

environment whereby Si can easily diffuse across membranes (>30 µM) but may have 

evolved to cope with the diatom induced decreasing [dSi] experienced by modern 

lineages of coccolithophore.  

The environmental conditions experienced by modern coccolithophores are influenced 

by their life cycle stage, we can expand this to include the lack of a Si requirement in the 

haploid stage of C. braarudii. Interestingly the haploid cells have been shown to have a 

greater affinity to oligotrophic, nutrient poor conditions when compared to the diploid 

stage in both laboratory (Houdan et al., 2006) and environmental investigations (Kleijne, 

1993). Although studies have not considered Si a limiting factor, the lack of requirement 

for Si in the haploid stage may aid towards this difference in niche occupation between 

the two ploidy stages.  
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Additionally, this distinction between ploidy stages sheds light on the role of Si in 

coccolithophores. Previous studies identified the role of Si in calcification (Durak et al., 

2016), but we cannot be sure that Si does not play a role in other cellular functions. As 

we have shown that the haploid does not have a requirement for Si active transport, this 

suggests that the Si is not actively involved in any other cellular processes, specifying its 

role in heterococcolith calcification. As the haploid holococcoliths are relatively simple 

(Rowson et al., 1986), we may hypothesise that the Si is related to a process which 

enables the formation of the complex heterococcolith structure found in diploid cells. The 

lack of SITL expression in haploid C. braarudii has aided our understanding of the Si 

requirement and this distinction may enable the identification of the precise role Si plays 

in future studies. 

The lack of SITLs in some species of coccolithophore is also an interesting consideration. 

The large-bloom formers, E. huxleyi and Gephyrocapsa oceanica are amongst those 

species without SITLs (Durak et al., 2016). It has been hypothesised that SITLs may 

have been lost in the isochrysodale lineage (Marron, Alan O. et al., 2016), enabling these 

species to maximise on low [dSi] conditions following diatom blooms (Leblanc et al., 

2009; Balch et al., 2014; Hopkins et al., 2015). The considerable cell densities required 

to form a bloom of this magnitude may be extensive enough to limit Si in surface waters. 

This may be a contributing factor to the lack of large blooms in species such as C. 

braarudii and Coccolithus pelagicus. Whether or no these species have an alternative 

mechanism to Si compared to species with SIT/Ls is yet to be revealed. This may 

highlight an interesting difference in the calcification mechanisms between these 

species.   

Although the mechanism for Si utilisation is not yet fully understood, it is clear the 

exposition of this mechanism will greatly aid our understanding of modern 

coccolithophore ecology and ocean biogeochemical cycling.  The progress made here to 

characterise the SITL transporters system in C. braarudii provides a good model that can 

be utilised in other species of coccolithophore and wider organisms. With more 

widespread characterisation of the SITL family we can shed light on both their evolution 

and their roles in non-siliceous organisms.  
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5. Investigating Coccolith Associated 
Polysaccharides 
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5.1. Abstract 

Coccolithophores are globally abundant marine microalgae characterised by their ability 

to form calcite platelets (coccoliths). The coccoliths are produced internally in a special 

Golgi-derived vesicle. Current evidence indicates that calcite precipitation in the coccolith 

vesicle is modulated by coccolith associated polysaccharides (CAPs). The mature 

coccolith is extruded from the cell whereby it forms a protective covering on the cell 

surface, known as the coccosphere. Previous research into CAPs has focussed on their 

ability to modulate the precipitation of calcite. Here we demonstrate the presence of a 

large amount of insoluble polysaccharide associated with the external coccoliths that 

differs between species in structure and composition. Our data suggest that this 

polysaccharide is extruded with the coccoliths. Once extruded, the polysaccharides play 

a role in the adhesion of the coccoliths to the cell surface and contribute to the overall 

organisation of the coccosphere. Finally, we combine previous research and data 

presented here to define CAPs as a broad group of polysaccharides encompassing 

intracoccolith polysaccharides; internal, calcite precipitation-modulating 

polysaccharides; and external polysaccharides involved in cell surface-adhesion of the 

completed coccolith and organisation of the coccosphere. 
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5.2. Introduction 

Coccolithophores are photosynthetic unicellular marine algae that are characterised by 

their ability to form intricate calcite platelets known as coccoliths (Taylor et al., 2017). 

Coccoliths are produce internally in a specially Golgi-derived coccolith vesicle (CV) and 

extruded to the cell surface (Young & Henriksen, 2003; Brownlee & Taylor, 2004). 

Coccolithophores are globally abundant, with some species forming vast blooms that can 

be visible from space (Westbroek et al., 1993), making them important global producers 

and significant contributors to the ocean carbon cycle (Rost & Riebesell, 2004). The 

important role coccolithophores play in biogeochemical cycling has driven much research 

investigating the underlying cellular mechanisms of calcification and the roles of the 

extracellular coccoliths. 

 Coccolithophores transport Ca2+ and HCO- from the environment into the CV 

whereby the precipitation of calcite occurs (Brownlee & Taylor, 2004). Once extruded, 

coccoliths are organised into an extracellular layer covering the cell surface, known as 

the coccosphere. There is considerable variability in the morphology of coccoliths and 

the nature of the coccosphere between species. For example, heavily-calcified placolith-

bearing species such as Coccolithus braarudii or Calcidiscus leptoporus exhibit a single 

layer of interlocking coccoliths (Young et al., 2003). The cosmopolitan bloom forming 

species Emiliania huxleyi also produces placoliths, but these can be arranged into 

multiple layers within its coccosphere (Paasche, 2001). Scyphosphaera apsteinii 

produces dimorphic coccoliths, the flat muroliths and barrel-shaped lopadoliths. These 

form a single layer on the cell surface, but are not interlocking (Young et al., 2003). The 

proportion of muroliths and lopadoliths in the coccosphere can vary due to environmental 

conditions (Drescher et al., 2012). The coccosphere of all species likely forms a 

protective covering around the cell (Monteiro et al., 2016), which must be both flexible 

(to enable cell growth and division) but also tightly organised to ensure full covering of 

the cell surface and prevent excess shedding of coccoliths. The mechanisms supporting 

the arrangement of coccoliths on the cell surface and their tethering to the plasma 

membrane have not been closely investigated. There are several reports describing an 

organic layer surrounding the cell, which is integrated with the coccoliths (Van der Wal, 

P et al., 1983; Van der Wal, P. et al., 1983b; Marsh, 1994; Taylor et al., 2007) (Chapter 

3: Figure 3.9). Polysaccharides are known to contribute significantly to this layer, but the 

nature of these polysaccharides and their contribution to the very different coccospheres 

found in coccolithophores are not known. 
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Although little is known about the extracellular polysaccharides in coccolithophores, there 

has been considerable interest in the role of polysaccharides in modulating calcite 

precipitation. These polysaccharides are collectively referred to as coccolith associated 

polysaccharides (CAPs) (Westbroek et al., 1973; De Jong et al., 1976), and are 

considered to be a crucial component in the calcification process. CAPs are 

predominantly classified as water-soluble acidic polysaccharides primarily composed of 

neutral monosaccharides, acidic sulphate esters and uronic acid residues (De Jong et 

al., 1976). The uronic acid residues are pivotal in modulating calcification because their 

carboxyl groups (COOH-) bind to Ca2+ cations and impede calcite precipitation at key 

points in coccolith production. Studies both in vivo and in vitro have demonstrated that 

CAPs regulate the precipitation of calcite in various species of coccolithophore (Borman 

et al., 1982; Borman et al., 1987; Ozaki et al., 2007; Henriksen & Stipp, 2009; Kayano et 

al., 2011; Gal et al., 2016).  

As well as studies into the role, the localisation of CAPs has been investigated, with 

observations of polysaccharide situated internally in the CV in Emiliania huxleyi (Van der 

Wal, P et al., 1983) and Chrysotila carterae (formerly Pleurochrysis carterae) (Van der 

Wal, P. et al., 1983b; Marsh, 1994). These studies also described CAPs associated with 

extracellular coccoliths after they are fully formed and extruded to the cell surface. With 

research focussed on the role of CAPs in modulation of calcification, their structural 

organisation and potential roles in relation to the extruded coccolith have not been 

extensively investigated.  

Interestingly, CAPs show diversity across different coccolithophore species. Firstly the 

number of major soluble CAPs reported ranges from one in Emiliania huxleyi (Borman et 

al., 1987) to three in C. carterae (Marsh, 2003). It has been proposed that the additional 

polysaccharides in C. carterae may function as a component of a Ca2+ delivery system, 

possibly replacing the function of the reticular body, a membrane-rich organelle that is 

not found in Chrysotila species (Marsh & Dickinson, 1997), but which is a predominant 

feature in other species such as E. huxleyi and C. braarudii (Taylor et al, 2007, 2017). 

Secondly, the chemical composition, specifically the uronic acid content, of CAPs differs 

between both species and strains (Borman et al., 1987; Lee et al., 2016). It is thought 

that these differences may influence the shaping of the calcite crystals (Marsh & 

Dickinson, 1997) and may reflect adaptations to the calcite saturation in the environment 

the species inhabits (Lee et al., 2016).  
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A degree of ambiguity surrounds the nature and roles of CAPs due to the aforementioned 

diversity between species and because many investigations use different polysaccharide 

extraction procedures ( 

 

 

Table 5.1). These include targeting the whole cell, isolated coccoliths or intracoccolith 

extractions. Note that these intracoccolith extractions have previously been referred to 

as intracrystalline (Westbroek et al., 1973; Lee et al., 2016) but as the localisation of 

polysaccharides internally in calcite crystals is subject to debate we shall refer to these 

fractions as intracoccolith in this discussion. Additionally, the majority of investigations 

have focussed on the water-soluble component of the CAPs albeit stable insoluble 

polysaccharides are also associated with the coccoliths (Van der Wal, P et al., 1983). 

Although many studies refer to CAPs collectively, it is likely the varied extraction 

techniques have included a combination of different polysaccharides, both those derived 

from the coccolith vesicle and those found extracellularly.  Whether these 

polysaccharides are similar in structure and function is yet to be established. In particular, 

closer examination of the extracellular polysaccharides associated with the coccoliths is 

required to understand their involvement in coccolithophore calcification.  

In this study, we examine the extracellular roles of polysaccharides associated with 

coccoliths. We identify the presence of insoluble polysaccharides associated with both 

the cell body and the coccoliths in all species investigated. These polysaccharides differ 

in physical structure and composition between species. Further investigation into C. 

braarudii revealed that the extracellular polysaccharides are likely produced internally 

with the coccolith and play a subsequent role in the adhesion and organisation of the 

coccosphere.   
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Table 5.1 Coccolith Associated Polysaccharide Extraction Fractions 

Reference  Fraction* Species Polysaccharide Isolation  

Gal et al. (2016) Coccoliths Chrysotila carterae EDTA 

Lee et al. (2016) Intracoccolith Emiliania huxleyi, Gephyrocapsa 

oceanica, Calcidiscus leptoporus 

& Coccolithus pelagicus  

EDTA  

Kayano et al. (2011) Whole cell E. huxleyi TCA 

Kayano and Shiraiwa (2009) Whole cell E. huxleyi TCA 

Henriksen and Stipp (2009) Coccoliths E. huxleyi EDTA 

Ozaki et al. (2007) Whole Cell, Coccoliths Chyrysotila haptonemofera EDTA 

Ozaki et al. (2004) Whole cell E. huxleyi, G. oceanica & C. 

carterae 

EDTA 

Henriksen, K. et al. (2004) Coccoliths E. huxleyi EDTA 

Marsh et al. (1992) Whole Cell  C. carterae TCA  

 

Marsh et al. (1992) Coccoliths C. carterae EDTA 

Borman et al. (1987) Coccoliths E. huxleyi EDTA 

Borman et al. (1982) Coccoliths E. huxleyi EDTA 

Fichtinger-Schepman et al. 

(1981) 

Coccoliths E. huxleyi EDTA 

Fichtinger-Schepman et al. 

(1981) 

Coccoliths E. huxleyi EDTA 

De Jong et al. (1976) Coccoliths E. huxleyi EDTA 

Westbroek et al. (1973) Intracoccolith E. huxleyi EDTA 

* Fractions are defined as 1Whole cell: the whole cell was subjected to polysaccharide extraction without any prior treatment. 2Coccoliths: the coccoliths were 

separated from the cell body and all polysaccharides associated extracted. 3Intracocclith: the coccoliths were separated and all organic material on the outside 

of the coccoliths removed before calcite dissolved and intracoccolith polysaccharides extracted. 
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5.3. Materials and Methods  

 Algal strains and culture conditions 

C. braarudii (PLY182g) (formerly Coccolithus pelagicus ssp braarudii), C. leptoporus 

(RCC1130), C. carterae (PLY406) and E. huxleyi (CCMP1516) were grown in filtered 

seawater (FSW) with added f/2 nutrients (Guillard & Ryther, 1962).  S. apsteinii (RCC 

1456) was grown in FSW with added f/2 and 10% K medium. Cells were grown in batch 

cultures, incubated at 15ᴼC and illuminated with 65-75 µmol photons m-2 s-1 in a 16:8 

light:dark cycle. 

 Decalcification of coccolithophores 

Coccolithophores were allowed to settle and excess f/2 media removed. To decalcify, the 

cells were washed in Harrison’s broad spectrum artificial seawater (ASW) (Harrison et 

al., 1980), without CaCl2 and pH adjusted to 7.0 with HCl.  Cells were washed twice to 

remove any residual Ca2+ and adjust the pH, with time allowed for cells to settle between 

washes. Cells were incubated in the ASW for approximately 30 min to decalcify, allowed 

to settle and were finally re-suspended in FSW f/2 media prior to staining. 

 Staining and confocal microscopy  

Extracellular polysaccharides were stained using the fluorescent lectins Concanavalin A 

(conA) (100 µg/ml) and Wheat Germ Agglutinin (WGA) (100 µg/ml) conjugated to either 

FITC or Texas Red (specified) (all lectins: Invitrogen, UK). Cells were imaged using a 

Zeiss LSM 510 laser scanning confocal microscope or a Bio-Rad Radiance confocal 

system on a Nikon upright microscope, with excitation at 488 nm and emission at 500-

530 nm (FITC) and 650-715 nm (chlorophyll). Where stated, certain samples were also 

visualised using a Nikon Ti epifluorescence microscope with a Photometrics Evolve EM-

CCD camera (excitation 475-495 nm, emission 505-535 nm). 

 Electron microscopy 

Samples for SEM were filtered onto a 13 mm 0.4 µm Isopore filter (Millipore EMD) and 

rinsed with 5 ml of 1 mM HEPES buffered (pH 8.2) MilliQ water to remove any salt. Filters 

were air dried, mounted onto aluminium stubs and sputter coated with 10 nm Pt/Pd 

(Cressington, USA). Samples were examined using a Phillips XL30S FEG SEM (FEI-
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Phillips, USA) and imaged in high-resolution secondary electron mode with beam 

acceleration of 5 kV. 

 Coccolith preparation 

Late exponential phase cultures were harvested by centrifugation at 4800 g, 4ᴼC for 5 

min. Cells were resuspended in 10 ml of f/2 FSW and subjected to probe sonication 

(Sonics Vibra Cell VCX750) at 30% amplification for two 10 second pulses, cells were 

mixed by inverting the tube between pulses. The cell debris and coccoliths were pelleted 

and the supernatant removed. The pellet was resuspended in 50% Percoll® (Sigma-

Aldrich, UK) to separate the cell debris and coccoliths by density centrifugation. The 

mixture was centrifuged at 4800 g, 4ᴼC for 20 min. The density centrifugation step was 

repeated twice to ensure a clean coccolith preparation. The Percoll® was then removed 

from the coccoliths by washing three times in NH4HCO3 0.5 M. The coccolith preparation 

was then subjected to polysaccharide extraction.  

A sample of the coccolith preparation was cleaned by incubating in 10% NaClO at room 

temperature overnight to remove all organic material. The coccoliths were pelleted and 

the supernatant removed. The cleaned calcite was then stained using FITC conA to test 

if the lectin bound non-specifically to the coccoliths.  

 Polysaccharide extractions 

Coccolith preparations were used for polysaccharide extractions. Polysaccharides were 

extracted using cold 80% ethanol (three washes).  Soluble polysaccharides and calcite 

were subsequently removed using 0.1 M EDTA (three washes). Polysaccharides were 

further cleaned using three additional ethanol washes to ensure all other cellular material 

was removed, pellets were then air dried and stored at -20ᴼC prior to GC-MS.  

 GC-MS preparation and analysis 

The composition of polysaccharides extracted from the coccolith preparations for C. 

braarudii, S. apsteinii, C. carterae and E. huxleyi using gas chromatography – mass 

spectrometry (GC-MS).  Due to the necessity to grow large volumes of culture to have 

enough material to extract (approximately 1 L per extraction), we were unable to use C. 

leptoporus as it was not possible to grow enough biomass.  



103 
 

Alcohol-insoluble polysaccharide pellets were hydrolysed by heating to 105ᴼC for 2 h in 

the presence of 2 M trifluoroacetic acid (TFA) (200 µl). TFA only blanks were also 

included. 50 µl of hydrolysed sample was centrifuged at 13, 000 g for 10 min to remove 

any solid material. 40 µl of supernatant was transferred to glass MS vials and 10 µl of 

internal standard added (myo-inositol, final concentration 2 µM). Samples were 

completely dried down using an evaporator (GeneVac EZ-2).  20 µl of 20 mg ml-1 

methoxyamine hydrochloride dissolved in pyridine was added to each sample and they 

were incubated at 37ᴼC for 2 h.  35 µl of N-methyl-N-trimethylsilyltrifluoroacetamide 

(MSTFA) was then added and the samples returned to 37ᴼC for a further 30 min, before 

analysis on the GC-MS.  Methoxyamine hydrochloride in pyridine derivatises the carbonyl 

groups, then MSTFA containing 1% trimethylchlorosilane (catalyst) derivatises carboxyl, 

hydroxyl, amino, imino or sulphonyl groups. Derivatising agents were all from purchased 

from Sigma-Aldrich, UK.   

Blanks (TFA) and sugar standards were treated in the same way, along with a 

derivatisation agent only blank. A 10 and 1 µM standard mix were prepared containing 

glucose, galactose, mannose, xylose, arabinose, fucose, galacturonic acid, glucuronic 

acid and myo-inositol. 

Derivatised samples were analysed using an Agilent 7200 series accurate mass Q-TOF 

GC-MS together with a 7890A GC system (Agilent Technologies, Santa Clara, USA), 

equipped with an electron ionisation ion source. 5 μl of each sample was injected into a 

non-deactivated, baffled glass liner with a 12:1 split ratio (14.448 ml min-1 split flow) and 

the inlet temperature was maintained at 250ᴼC. A 3ml/minute septum purge flow was 

applied. A Zebron semi-volatiles (Phenomenex, Torrance, USA) column (30 m x 250 μm 

x 0.25 μm) coupled with a 10 m guard column, was maintained at a constant helium flow 

of 1.2ml min-1. The temperature gradient of the GC was ramped up at a rate of 15ᴼC min-

1, from 70ᴼC to 310ᴼC over 16 min, and then held at 310ᴼC for a further 6 min.  The total 

run time of 22 min, was followed by a 7 min backflush at 310ᴼC to clean the column at 

the end of every run. The MS emission current and emission voltage were held at 35 μA 

and 70 eV respectively, and the MS was automatically calibrated after every run. The 

mass range was set from 50 to 600 amu, with an acquisition rate of 5 spectra s -1, and a 

solvent delay of 3.5 min. 

Data were analysed using Agilent technologies MassHunter qualitative and quantitative 

software.  
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5.4. Results  

 Localisation of extracellular polysaccharides using lectin FITC-conA 

C. braarudii, S. apsteinii , C. leptoporus , C. carterae and E. huxleyi represent a range of 

sizes, coccolith morphologies (Figure 5.1), biogeographical distributions and cover a 

range of clades from the coccolithophore phylogeny (Liu et al., 2010). In order to examine 

the distribution of extracellular polysaccharides, we first used fluorescent conjugates of 

the lectin Concanavalin A (conA), which binds primarily to D-mannose and D-glucose 

residues. 

 

Figure 5.1 Scanning electron microscopy images of coccolithophore species in this study  

a) Coccolithus braarudii, b) Scyphosphaera apsteinii, c) Calcidiscus leptoporus, d) Chrysotila carterae 

and e) Emiliania huxleyi. Scale bars represent 10 µm (a-d) and 1 µm (e).  

 

FITC-conA bound positively to decalcified cells of all five species (Figure 5.2), indicating 

that cells from each species are coated in a layer of insoluble polysaccharide containing 

D-glucose and/or D-mannose residues. Some structural diversity was observed in the 

polysaccharide layers between species. C. braarudii (Figure 5.2a) has a distinctly 

structured polysaccharide layer, with ellipsoidal intervals in the staining which has 

previously been reported (Chapter 3: Figure 3.9). Interestingly, this distinctive structural 

layer was not observed in the closely related species C. leptoporus. We observed some 

irregularities in the staining of the polysaccharide layer of C. leptoporus (Figure 5.2b), 

but these clearly differ from the regularly spaced oval-shaped areas seen in C. braarudii 

and may be a result of natural inconsistencies in the polysaccharide layer. In the other 

species the polysaccharide formed a smooth consistently stained layer on the cell 

surface (Figure 5.2c-e). 
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Figure 5.2 Polysaccharide layer found on the cell surface of decalcified coccolithophores 

Confocal microscopy imaging of decalcified coccolithophores that were stained with the lectin FITC-

conA (green). Chlorophyll autofluorescence is also shown (red). The staining revealed a layer of 

polysaccharide on the cell surface of all five species. The 2D slice images and 3D reconstructions are 

shown to reveal the structure of the polysaccharide. C. braarudii (a) exhibits ellipsoidal intervals in the 

FITC-conA staining. C. leptoporus (b) shows some irregularities in the polysaccharide layer whereas 

all other species (c-e) have a smooth consistent layer. Scale bars represent 5 µm. 
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To investigate the localisation of the insoluble polysaccharide within the coccosphere, 

FITC-conA was also applied to calcified cells and discarded coccoliths. All five species 

exhibited positive staining (lectin staining summarised Table 5.2). Images of fully calcified 

C. braarudii and S. apsteinii are presented show polysaccharide integrated within the 

coccosphere (Figure 5.3).  

C. braarudii cells revealed staining patterns with similar dimensions to coccoliths. It was 

not possible to determine whether this is due to polysaccharide coating the coccoliths or 

the impression of coccolith on the underlying polysaccharide layer. However, imaging of 

discarded coccoliths indicated that they were positively stained by FITC-conA, indicating 

an extracellular coating of polysaccharide (Figure 5.3c, Figure 5.1a SEM for comparison). 

Imaging of calcified S. apsteinii revealed the cell body, lopadoliths and discarded 

muroliths (Figure 5.3b, d) were all positively stained. Interestingly there is no clear 

murolith staining on the calcified cell but the discarded murolith is positively stained, there 

may have been some inconsistencies exhibited in the staining in FITC-WGA which 

highlights the necessity to observe multiple cells and discarded coccoliths.   

These observations show the polysaccharide layer with glucose and/or mannose 

residues surrounds both the cell and the coccoliths, clearly integrated within the whole 

coccosphere. These observations are consistent with existing literature on E. huxleyi and 

C. carterae (Van der Wal, P et al., 1983; van der Wal, P. et al., 1983a). 

 

Table 5.2 Results of polysaccharide lectin staining in coccolithophores 

Species conA WGA 

Calcified Decalcified Calcified Decalcified 

Coccolithus braarudii     

Scyphosphaera apsteinii     

Calcidiscus leptoporus     

Chrysotila carterae     

Emiliania huxleyi     
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Figure 5.3 Polysaccharide layer associated with coccosphere 

Confocal microscopy imaging of calcified coccolithophores C. braarudii (a) and S. apsteinii (b) that 

were stained with the lectin FITC-conA. The polysaccharide is clearly shown associated with the 

coccospheres (a-b) and discarded coccoliths (c-d) in both species. Scale bars represent 5 µm (a-b) 

and 2 µm (c-d).  

In contrast to untreated coccoliths, we observed no fluorescent staining of C. braarudii 

coccoliths treated with sodium hypochlorite to remove organic material. (Appendix IV: 

Figure IV.1), indicating that the lectin binds specifically to the polysaccharides associated 

with the cell body and the coccosphere. As an additional control, we utilised Texas Red-

conA to ensure there was no non-specific binding due to the fluorophore conjugated to 

the lectin. We observed identical staining patterns in cells treated with FITC and Texas 

Red conjugates of conA (Appendix IV: Figure IV.2).  

 Localisation of extracellular polysaccharides using lectin FITC-WGA  

Wheat germ agglutinin (WGA) binds to N-acetyl-D-glucosamine and sialic acid residues 

in polysaccharides. Interestingly, FITC-WGA staining was negative in all species except 

S. apsteinii (Figure 5.1b), which exhibited positive staining when both calcified (Figure 

5.4a, b) and decalcified (Figure 5.4c, d). WGA clearly stained lopadoliths and muroliths, 

as well as a layer surrounding the cell body. In decalcified cells, the gentle decalcification 

process occasionally left polysaccharide remnants that closely resemble the shape of 

the lopadoliths (Figure 5.4c, d). It is likely that these are polysaccharides associated with 

the coccoliths prior to decalcification, either externally and/or intracoccolith.  This staining 

pattern suggests that S. apsteinii produces a polysaccharide that contains N-acetyl-D-

https://en.wikipedia.org/wiki/N-acetyl-D-glucosamine
https://en.wikipedia.org/wiki/Sialic_acid
https://en.wikipedia.org/wiki/N-acetyl-D-glucosamine
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glucosamine and/or sialic acid residues and therefore differs in composition from those 

of the other four species.  

 

Figure 5.4 Wheat germ agglutinin staining in S. apsteinii 

Confocal microscopy imaging of FITC-WGA staining in S. apsteinii revealed positive staining on a fully-

calcified cell (a) and a discarded murolith (b).  The decalcified images (c-d) show positive FITC-WGA 

staining of a polysaccharide residue that closely resembles the shape of a lopadolith (c), the 

polysaccharide can also be seen (arrow) in the accompanying transmission image (d). Scale bars 

represent 5 µm. 

To identify if the two lectins applied to S. apsteinii localised to different regions of the 

extracellular polysaccharide, we utilised FITC-conA and Texas Red-WGA simultaneously 

on the same sample of decalcified cells. We found that both lectins positively stain the 

cell body (Figure 5.5). The data also shows that the residual-lopadolith polysaccharide 

stained positive for Texas Red-WGA but not FITC-conA. Although the FITC-conA stained 

the calcified lopadoliths we did not visualise any residual-lopadolith polysaccharide 

staining in any FITC-conA decalcified S. apsteinii cells. It is possible that the residual-

lopadolith polysaccharides were not present but it is also possible that only FITC-WGA 

https://en.wikipedia.org/wiki/N-acetyl-D-glucosamine
https://en.wikipedia.org/wiki/Sialic_acid
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stains these structures. The WGA positive residual-lopadolith polysaccharides may be 

intracoccolith polysaccharides that are revealed after decalcification. 

 

 

Figure 5.5 Differential localisation of lectin stains in S. apsteinii 

Confocal microscopy imaging of FITC-conA and Texas Red-WGA staining in S. apsteinii. Both lectins 

localise around the cell body but on Texas Red-WGA is found on the residual-lopadolith 

polysaccharides (yellow). Chlorophyll autofluorescence and internal coccolith are also shown. Scale 

bar represents 5 µm. 

 Polysaccharide extraction and composition analysis 

To examine the composition of the extracellular coccolith polysaccharides, coccoliths 

were isolated from the cell debris and the ethanol insoluble polysaccharides were 

extracted. To ensure isolation of targeted polysaccharide during the coccolith 

preparation, FITC-conA was utilised to stain coccoliths and extracted polysaccharide at 

various stages throughout the process: following lysis of the cells to release the 

coccoliths; following density centrifugation and removal of Percoll®; and fo llowing the 

ethanol extraction procedure. The staining data (Figure 5.2, Figure 5.3) suggests that the 

polysaccharide coating the cell body and the coccoliths may be the same. All samples 

were positively stained by FITC ConA confirming the presence of the target 

polysaccharide throughout the extraction process (Appendix IV: Figure IV.3).  

Nine sugars were identified in reference to known standards in the GC-MS data (Figure 

5.6). Previous analysis of E. huxleyi also identified a similar polysaccharide composition 

when analysing water-soluble CAPs (Fichtinger-Schepman et al., 1979; Fichtinger-

Schepman et al., 1981). There were some monosaccharides that were relatively 

consistent between species, xylose, arabinose (both pentose monosaccharides) and 

rhamnose (a hexose sugar). In others there were clear differences, notably glucose 

which made up a higher proportion of known sugars C. braarudii (28.9 % ±0.7 SE) and 

S. apsteinii (33.3% ±3.5 SE) than E. huxleyi (19.7% ±1.3 SE) and C. carterae (19.9% 
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±6.1 SE). Two monosaccharides are of particular interest, glucuronic acid and 

galacturonic acid monohydrate, as they are uronic acids, a charged component found in 

other CAP studies (De Jong et al., 1976; Lee et al., 2016) and known to modulate the 

precipitation of calcite (Borman et al., 1982; Ozaki et al., 2007; Kayano & Shiraiwa, 2009). 

Glucuronic acid and galacturonic acid monohydrate have been combined to calculate the 

total uronic acid (TUA) proportion of known sugars. TUA made up a higher proportion of 

known sugars in E. huxleyi (9.31% ±1.6 SE) and C. carterae (6.2% ±1.8 SE) compared 

to C. braarudii (1.51% ±0.8 SE) and S. apsteinii (0.8% ±0.5 SE).  

The GC-MS analysis identified both glucose and mannose residues in all species (Figure 

5.6) which corresponds with the FITC-conA lectin staining seen in calcified cells (Figure 

5.3, Figure 5.4). It was not possible to identify the N-acetyl-D-glucosamine or sialic acid 

that the FITC-WGA binds to as no standards were available at the time of analysis. 

https://en.wikipedia.org/wiki/N-acetyl-D-glucosamine
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Further analysis is needed to resolve this likely monosaccharide component of the S. 

apsteinii coccolith polysaccharide.  

 

Figure 5.6 Coccolith polysaccaride composition  

GC-MS analysis identified known monosaccharides in the insoluble coccolith polysaccharide fraction, 

when compared to a known standard. The monosaccharide content is present as proportion of known 

sugars. The data demonstrates variation in monosaccharide content between species. Error bars 

denote standard error.  

 Production and role of extracellular polysaccharides in C. braarudii 

We chose to examine the nature of the extracellular polysaccharide surrounding C. 

braarudii cells in greater detail, due to the distinctive polysaccharide morphology 

observed in decalcified cells (Figure 5.2a). As these features are preserved even after 

decalcification, it suggests that the polysaccharide layer in C. braarudii possesses 

structural properties that may contribute to the organisation of the coccosphere. Figure 
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5.7a shows that in partially decalcified cells the coccoliths correspond exactly to regions 

unstained by FITC-conA. However, the outer diameter of the coccoliths is considerably 

larger than the unstained region, which exhibited a similar diameter to the baseplate of 

the coccolith. It is possible that the movement of the coccoliths through the 

polysaccharide layer or the positioning within the coccosphere in C. braarudii causes the 

formation of the ellipsoidal structures visualised in the FITC-conA staining. 

 

Figure 5.7 The extracellular polysaccharide is associated with the coccoliths in C. braarudii 

FITC-conA stained partially decalcified C. braarudii images show the ellipsoidal intervals in staining 

(a) and the coccoliths (b). When the two are overlayed (c), the coccoliths correspond extactly to the 

regions unstained by FITC-conA. Previously decalcified C. braarudii with the extracellular 

polysaccaride layer removed were allowed to recalcify (d). Newly produced FITC-conA stained 

polysaccaride (e) is localised on the underside of the newly produced coccolith (f).  

Further imaging of decalcified cells demonstrated that a small proportion of cells have 

lost the polysaccharide layer, presumably due to the experimental manipulations 

associated with decalcification (Appendix IV: Figure IV.4a-d). Several cells were 

observed where the polysaccharide layer was partially detached (n=3), allowing us to 

confirm that the polysaccharide layer possesses considerable structural integrity even 

when dissociated from the cell (Appendix IV: Figure IV.4e-f). 
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The occurrence of decalcified cells lacking a polysaccharide layer allowed us to examine 

how this layer was formed during coccolith secretion. When these cells were allowed to 

re-calcify, we found that the newly produced coccoliths exhibited a localised layer of 

FITC-conA stained polysaccharide on the underside of the coccolith (Figure 5.7e-f). The 

data suggests that the insoluble polysaccharide is produced internally and extruded with 

the coccolith, an observation that correlates with previous polysaccharide studies (Van 

der Wal, P et al., 1983; Van der Wal, P. et al., 1983b; Marsh, 1994). The polysaccharide 

layer therefore appears to be formed by the aggregation of polysaccharides secreted 

with each coccolith, rather than pre-formed as a complete layer. The close association 

of polysaccharide with the underside of the coccolith may indicate that these 

polysaccharides are involved in adhering the coccoliths to the cell surface, aiding the 

formation and structure of the complete coccosphere. 

Like most phytoplankton cells, the surface area of a coccolithophore cell increases 

substantially as its volume increases throughout the cell cycle. The cell must therefore 

continuously produce new coccoliths to ensure that its surface area remains fully 

covered. This suggests that each new coccolith must be secreted through the existing 

polysaccharide layer, which must therefore retain a substantial flexibility. To determine 

whether coccoliths were secreted through the polysaccharide layer, we imaged coccolith 

secretion in decalcified cells in which the polysaccharide layer remained intact. The 

newly-secreted coccoliths were observed external to the polysaccharide layer, indicating 

that they can pass through the layer. In addition, coccoliths produced in these cells were 

coated with polysaccharide on both the underside and the topside of the coccolith 

(Appendix IV: Figure IV.5). We hypothesise that the coccolith is coated with 

polysaccharide as it moves through the existing polysaccharide layer on the cell surface. 
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5.5. Discussion 

Our results demonstrate that coccolithophores are coated in a layer of insoluble 

polysaccharide that differs between species in structure and composition. We suggest 

that this polysaccharide is extruded with the coccoliths, plays a role in the adhesion of 

the coccoliths to the cell surface and contributes to the organisation of the coccosphere. 

While these polysaccharides are clearly associated with the coccosphere, they may be 

distinct from the polysaccharides identified in previous studies and commonly referred to 

as coccolith associated polysaccharides (CAPs).  

 

Figure 5.8 The localisation of coccolith associated polysaccharides 

The localisation of coccolith associated polysaccharides identified in previous research and this study: 

intracoccolith (1), coating the coccolith surface (2), on the cell surface (3) and associated with the 

coccolith vesicle (4).  

Previous research has focussed on the ability of CAPs to modulate the precipitation of 

calcite within the coccolith vesicle, with little research conducted on extracellular role of 

polysaccharides. Here we show that there is a large proportion of polysaccharide 

extruded with the coccolith that coats the coccosphere. Combining our research with 

previous studies we find that the term CAPs potentially includes polysaccharides in four 
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distinct locations (summarised Figure 5.8). These are intracoccolith polysaccharides 

found within the coccolith structure; polysaccharides coating the surface of coccoliths; 

polysaccharides covering the cell body; and polysaccharides within the coccolith vesicle 

actively involved in the modulation of calcite precipitation. Interestingly, our observations 

of C. braarudii suggest that these extracellular CAPs may originate from the coccolith 

vesicle as they are extruded with the newly formed coccolith. The biochemical 

characterisation conducted here indicates the ethanol-insoluble extracellular 

polysaccharides studied here may have similar components to the water-soluble 

polysaccharides that play a role in calcite precipitation (Fichtinger-Schepman et al., 1979; 

Fichtinger-Schepman et al., 1981; Borman et al., 1982; Ozaki et al., 2007; Kayano et al., 

2011). 

The uronic acid residues identified by GC-MS analysis are of interest as they have been 

shown to modulate the precipitation of calcite (Borman et al., 1982; Ozaki et al., 2007). 

In this study the uronic acid proportion of total sugars (in the form of glucuronic acid and 

galacturonic acid monohydrate) was higher in E. huxleyi and C. carterae in comparison 

to C. braarudii and S. apsteinii. A similar result has been observed previously whereby 

E. huxleyi exhibited a higher uronic acid content in the soluble intracoccolith CAP to 

Coccolithus pelagicus and C. leptoporus (Lee et al., 2016). The uronic acid content in E. 

huxleyi was found to correlate with carbon availability and the extent of calcification 

exhibited by the morphotypes studied, highest in R and A (RCC1216 and RCC1256 

respectively) and lowest in type B (RCC1212), here we examined RCC1516 which is 

morphotype A. This was not the case in other species, whereby the more heavily calcified 

genus Coccolithus (Daniels et al., 2014) had a lower uronic acid content than the more 

lightly calcified E. huxleyi both in Lee et al. (2016) and in this study. It appears counter 

intuitive that more heavily calcified species would have less calcite precipitation 

modulation residues but it is possible that uronic acid may play a more significant role in 

E. huxleyi calcification than the other species studied. How this differs is not yet 

understood. Another study found sulphate esters in soluble polysaccharides extracted 

from E. huxleyi coccoliths (Fichtinger-Schepman et al., 1979; Fichtinger-Schepman et 

al., 1981). Sulphate esters also carry a negative charge and therefore may also bind to 

Ca2+ ions.  It is also important to note that Lee et al. (2016) and Fichtinger-Schepman et 

al. (1981) have isolated different polysaccharide fractions to this study (soluble 

intracoccolith, soluble coccolith respectively). It is possible that the polysaccharides 

recovered within the insoluble external coccolith polysaccharide fraction isolated here 
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are also involved in calcite modulation or that we have extracted a combination of these 

polysaccharide fractions. We do not yet know the consistency of composition between 

all polysaccharide fractions; it would be very interesting to compare the composition from 

all localisations in the future (Figure 5.8).  

It is probable that the insoluble layer of polysaccharide found on the exterior of the 

coccolith imparts some kind of protection from the environment.  A previous study 

suggests the organic covering prevents dissolution of the calcite in unfavourable 

conditions (Henriksen, Karen et al., 2004). Our data also suggests the stability of the 

polysaccharide over time in C. braarudii as the layer maintains its structure when the 

coccoliths are dissolved and when the polysaccharide itself is removed from the cell 

body. This is supported by studies that found polysaccharides extracted from coccolith-

containing ancient sediments were still functional in protecting coccoliths from dissolution 

(Sand et al., 2014). In future ocean conditions the potential for dissolution of calcite 

structures will increase (Tyrrell et al., 2008), whether these polysaccharides are able to 

reduce this pressure in coccolithophores should be considered and explored.  

In addition to protection from dissolution, extracellular polysaccharide appears to play an 

adhesive role in securing newly produced coccoliths to the cell surface. The presence of 

polysaccharide coating the cell body in all species examined suggests that 

polysaccharides are likely to perform this role in all coccolithophores. These adhesive 

properties are likely to cover a range of coccosphere morphologies from a single layer of 

interlocking placoliths in C. braarudii; a dimorphic arrangement of non-interlocking 

coccoliths in S. apsteinii; and may even facilitate unusual coccosphere arrangements 

such as the many layers of coccoliths that can encase E. huxleyi under certain conditions 

(Paasche, 2001). The evidence presented here suggests the extracellular 

polysaccharide plays an important organisational role in the different coccospheres.  

C. braarudii exhibited a distinct structural polysaccharide whereby the ellipsoidal 

intervals in lectin stained polysaccharide are thought to be formed by the presence of 

coccoliths within the coccosphere, evidenced here and suggested in previous work 

(Chapter 3: Figure 3.9). It is surprising that the closely related C. leptoporus exhibits no 

definitive structure similar to C. braarudii (Liu et al., 2010) as it has similar structured 

coccosphere with a similar number of coccoliths per cell (~ 15 coccolith cell -1) (Langer et 

al., 2006b). The data presented here shows that the structured polysaccharide is 

associated with the organisation of the coccoliths in C. braarudii, a species which always 
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maintains a complete coccosphere in healthy cultures (Chapter 3) (Taylor et al., 2007). 

The extracellular polysaccharide described here is clearly important in maintaining the 

coccosphere which in turn is essential for successful growth and cell division (Chapter 

3), the polysaccharide clearly plays an important role within this species.  

The smooth nature of the polysaccharides seen on other species’ cell body may be due 

to the greater turn-over of coccoliths or dynamic nature of their coccospheres. For 

example, E. huxleyi produces between 23-36 coccoliths per cell in optimal growing 

conditions and as many as 20 of these are discarded (Paasche, 1998; Paasche, 1999; 

Paasche, 2001). In contrast C. braarudii  cells are covered with 8-20 coccoliths (Gibbs 

et al., 2013) and typically discard less than one coccolith per cell in optimal growing 

conditions (Durak et al., 2016). C. carterae produces a high number of small coccoliths 

(Figure 5.1) and has a comparable cell size to species bearing larger coccoliths. Both E. 

huxleyi and C. carterae are likely to have many more coccoliths move through the 

polysaccharide on the cell body than C. braarudii. S. apsteinii has a dynamic 

coccosphere because of its dimorphic coccolith arrangement. The ratio of lopadoliths to 

muroliths has been shown to shift in varying light intensities (Drescher et al., 2012). In 

this species, the adaptive coccosphere may result in a higher coccolith turnover and be 

a contributing factor why no structured polysaccharide is observed.  

Diversity in the composition and functional roles of CAPs between species is important 

when the energetic cost of polysaccharide production is considered. Previous research 

assessing the cost/benefit of calcification in coccolithophores has endeavoured to 

calculate the cost of producing these polysaccharides. Recent estimates suggest that 

the single intracoccolith CAPs produced by E. huxleyi and C. braarudii require 7% and 

0.2% of total cellular fixed organic carbon respectively (Monteiro et al., 2016). In contrast, 

production of multiple CV-associated CAPs in C. carterae was calculated to cost 50% of 

the total fixed organic carbon, a significantly higher cost of production (Brownlee & 

Taylor, 2004). The large range in these calculations is due to different assumptions over 

the role of CAPs. The former estimates are based primarily on the amounts of 

intracoccolith CAPs recovered from purified coccoliths, whereas the latter calculation 

assumes CAPs are involved in the stoichiometric delivery of Ca2+ to the coccolith vesicle. 

Our results indicate that the cost of extracellular polysaccharide must also be considered 

in future calculations. This is clearly crucial as there is an abundance of extracellular 
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polysaccharide produced by each species examined here and no true estimate of cost 

can be achieved without considering the whole CAP produced.  

In this study we have expanded on the current understanding of CAPs and added to their 

biological importance within coccolithophore calcification. CAPs are a group of 

polysaccharides involved in coccolith precipitation, coccolith adhesion, organisation and 

protection of the coccosphere. It is also likely that greater diversity and function remains 

to be fully understood. However, it is imperative that their abundance and role should be 

taken in to account in considerations of energy budgeting and response of 

coccolithophores to future ocean conditions.  
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6. General Discussion  
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6.1. Introduction 

This thesis set out to identify differences in mechanisms related to calcification between 

coccolithophore species. Previous work had largely focussed on the globally abundant 

Emiliania huxleyi but less focus had been given to other ecologically important species. 

The use of Coccolithus braarudii and other species in this thesis revealed some 

contrasting and interesting revelations in coccolithophore biology.  

Firstly the findings highlighted the importance and organisation of the coccosphere for 

growth and cellular fitness in C. braarudii. Additionally these data provided additional 

insight into the relationship between photosynthesis and calcification, informing the 

discussion on the role of calcification. A novel requirement for Si in heterococcolith 

calcification in species with Si transporters (SITLs) adds to the components of the 

calcification mechanism known to the field. Moreover, novel observations of cell division 

and coccolith associated polysaccharides (CAPs) add to the understanding of 

coccolithophore biology. All these findings (summarised Figure 6.1) have implications for 

the evolution and current ecology of coccolithophores.  

  

Figure 6.1 Key Findings 

Cell schematic highlighting the key findings in C. braarudii presented in this thesis.  
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6.2. Discussing the role of calcification 

 Importance of the coccosphere in C. braarudii 

The data presented here adds new significance to the necessity and organisation of the 

coccosphere in C. braarudii through potential protective and mechanical roles. Although 

it is known that some coccolithophores do not need to calcify, a coccosphere is 

considered a crucial feature of diploid coccolithophores in the environment. Diploid 

cultures that no longer calcify were invariably calcified on initial isolation (Paasche, 2001; 

Marsh, 2003). The suggested original evolutionary role of calcification in 

coccolithophores is to infer protection upon the cells but in modern coccolithophores it 

may also infer additional benefits depending on species (Dixon, 1900; Monteiro et al., 

2016). Other studies have also suggested protection as a crucial role for coccosphere 

maintenance, even showing the mechanical-protection capabilities of the E. huxleyi 

coccosphere (Jaya et al., 2016). Additional protective characteristics were observed 

during cell division, whereby the coccoliths extend protectively over the dividing cells until 

the cytokinesis event has occurred. However, the current study did not demonstrate any 

direct protective role of the coccoliths but the obligate requirement for  a complete 

coccosphere for growth in C. braarudii would infer any resulting protection upon the cell.  

The concept of the importance of the coccosphere in C. braarudii is supported by the 

equal division of the parental coccoliths between daughter cells, observed here and in 

previous studies whereby C. braarudii was recorded as having 16 coccoliths prior to 

division, and 8 following (Gibbs et al., 2013; Sheward et al., 2014). The coccosphere also 

plays an important mechanical role during the process of cell separation following 

division. Without an intact coccosphere cells remain attached following an initial round of 

cell division and a subsequent cell division arrest follows, leaving cells in a paired 

formation. Across the coccolithophores the coccosphere is a diverse feature 

encompassing variable coccolith types, dimorphic arrangements and degrees of 

coverage (Young et al., 2003) and more research is required to explore the widespread 

reliance on an intact coccosphere. However, as very few lineages of coccolithophore 

grow in laboratory culture in a non-calcified form (Appendix II: Table II.2) then we can 

hypothesise that the requirement may be relatively widespread. 
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This study has also identified an important role for extracellular polysaccharides in the 

organisation of the coccosphere. It has expanded upon the definition of coccolith-

associated polysaccharides (CAPs) to include those polysaccharides that are extruded 

with the fully formed coccoliths and adhere the coccoliths to the cell surface. When using 

low Ca2+ as a calcification disruption technique we suggested a disruption of the 

production of polysaccharide may be partly responsible for the breakdown in the 

calcification mechanism. A previous study in Chrysotila haptonemofera (formerly 

Pleurochrysis) also suggested low Ca2+ conditions reduce polysaccharide production 

(Katagiri et al., 2010). Since the extracellular CAP is integral in coccosphere organisation 

and the coccosphere is integral for cellular fitness in C. braarudii, any disruption in the 

former will negatively impact the cell.  

 Calcification as a potential carbon concentrating mechanism 

Photosynthesis, and more specifically carbon concentrating mechanisms (CCMs), have 

also been suggested as the driving role behind calcification. Algal CCMs function by 

providing CO2 to the active site of Rubisco in aquatic environments where CO2 is limiting 

(Reinfelder, 2011; Falkowski & Raven, 2013). There is some evidence for CO2 limitation 

in coccolithophores as studies have observed a direct response to moderately higher CO2 

concentrations causing increased growth and calcification in laboratory cultures of E. 

huxleyi and G. oceanica (Sett et al., 2014). This implies that CO2 availability is limiting 

growth in coccolithophores. Additionally, a recent study found that increasing CO2 has 

prompted the increase in probability of coccolithophores occurrence in the North Atlantic 

from approximately 2% in 1965 to 20% in 2010 (Rivero-Calle et al., 2015). However, this 

study predicts that the CO2 induced increase in growth rate will level out at 500 ppm.  E. 

huxleyi is known to have a low affinity CCM (Reinfelder, 2011) and is able to switch 

between CO2 and HCO3
- as a primary carbon source (Kottmeier et al., 2016). Since 

calcification produces protons (H+) as a by-product of calcite precipitation if HCO3
- is used 

as the external substrate, these H+ could be used to drive the dehydration of HCO3
- to CO2 

(Paasche, 2001).  

The data presented here does not support the hypothesis that calcification functions as a 

CCM in C. braarudii as we observed no reduction in photosynthetic activity when 

calcification was severely impacted. These findings correlate with existing research and 

support the conclusions from recent literature. As the majority of other studies have been 

conducted in E. huxleyi, supporting information in another species is an important addition. 
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Studies have shown that it is possible to inhibit calcification through reducing external Ca2+, 

as was done here, whilst photosynthesis and growth remains unaffected (Herfort et al., 

2002; Trimborn et al., 2007; Leonardos et al., 2009). Bach et al. showed that by 

manipulating the external carbonate chemistry rather than providing a source of dissolved 

inorganic carbon (DIC) for photosynthesis, that calcification appeared to be in direct 

competition with photosynthesis for available DIC. These results indicate calcification does 

not function as a CCM but that the two may utilise the same intracellular pool of DIC in E. 

huxleyi (Buitenhuis et al., 1999; Riebesell et al., 2000; Zondervan et al., 2001; Bach et al., 

2013). Other investigations have also shown that this is likely in C. braarudii (Rickaby et al., 

2010) and that C. carterae was also observed to have a decreased level of calcification at 

low available DIC (Zhou et al., 2012). However, Gephyrocapsa oceanica, a closely related 

species to E. huxleyi (Liu et al., 2010), was found to have independent pools of DIC for 

calcification and photosynthesis when examined using carbon isotopic fractionation 

(Rickaby et al., 2010). The further exploration of these mechanisms and expansion into 

other species will greatly progress the field and clarify the differences described here. 

Understanding these mechanisms will also be important as pCO2 increases in the future. 

6.3. Introducing Si as a potential component to the calcification 

mechanism 

The calcification mechanism in coccolithophores requires the transport of calcification 

substrates from the environment to specially derived organelles for the formation of the 

coccoliths. HCO3
- and Ca2+ are transported from the surrounding seawater into the 

coccolith vesicle (CV). Certain candidate putative transporter proteins have been 

identified, in the form of HCO3
- -Na+ co-transporters and -Cl- antiporters (Buitenhuis et 

al., 1999; Herfort et al., 2002; Mackinder et al., 2010). Ca2+ is thought to be transported 

into the cell through ion channels down a strong Ca2+ gradient, it is then proposed to be 

actively transported into the CV (or precursor compartment) with Ca2+/H+ antiporters 

which are likely to operate at intracellular membranes to bring about loading of Ca2+ 

(Mackinder et al., 2010; Mackinder et al., 2011; Holtz et al., 2013). Subsequently, 

nucleation of calcite crystals occurs in a proto-coccolith ring around an organic base-

plate scale. The formation of calcite is thought to be strongly regulated by CAPs and 

specific proteins (Van der Wal, P. et al., 1983b; Marsh, 2003; Kayano & Shiraiwa, 2009; 

Hirokawa, 2013; Gal et al., 2016). The CAPs, CV and surrounding cytoplasmic structures 

are thought to shape the coccoliths into their species-specific form (Young et al., 1999). 
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Once the coccolith is fully formed, the CV fuses with the plasma membrane to extrude 

the coccolith onto the cell surface.  

Si and Si transporters have been identified as new components that appear to be directly 

involved in the calcification mechanism in some species of coccolithophore. Through 

extensive germanium (Ge) cell physiology experiments and SITL expression studies it 

was possible to identify that Si is likely involved with the heterococcolith calcification in 

diploid coccolithophores and as a result, we can confidently conclude that SITLs are 

strong candidates as a calcification-related genes in C. braarudii. Further work is required 

to fully elucidate the role, one such step that would take us closer to understanding would 

be the mass-spectrometry analysis of the Si content of coccoliths and whether this differs 

between species with and without SIT/Ls, as we know it has already been identified in S. 

apsteinii lopadoliths (Drescher et al., 2012). 

Previous studies into calcification-related genes have been problematic as there is a 

significant lack of genetic manipulation tools for any coccolithophore species. As a result 

currently much data supporting molecular mechanisms of calcification is speculative or 

correlative. However, progress has been made in the identification of potential 

calcification relevant genes in E. huxleyi including GPA, a Ca2+-binding protein 

associated with CAPs (Corstjens et al., 1998; Wahlund et al., 2004; Quinn et al., 2006); 

carbonic anhydrases (Quinn et al., 2006); and genes which have been found to be 

involved in biomineralisation in other organisms (Nguyen et al., 2005). Mackinder et al. 

(2011) combined physiological experiments with gene expression studies to show the 

upregulation of putative HCO3
- transporter and a Ca2+/H+ ion exchanger belonging to the 

CAX family.  

In order to suggest that Si transport is involved specifically in the calcification process 

we also utilised a multi-disciplinary approach. The availability of the E. huxleyi genome 

(v1) (Nordberg et al., 2013) and the Marine Microbial Eukaryotic Transcriptome 

Sequencing Project (MMETSP) (Keeling et al., 2014) were pivotal in the analysis of 

multiple species of coccolithophores, identifying those with and without SITs and SITLs 

(Durak et al., 2016). Additionally, the sequences extracted from these databases were 

utilised to design primers for gene expression analysis of query and reference sequences 

presented here. Finally, combining physiological culture based studies with the gene 

expression analysis enabled the confident identification of the requirement for Si in 

heterococcolith calcification. Although it is possible that Si does have addi tional roles in 
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coccolithophores, the primary impact of Si disruption is an effect on calcification. 

Therefore it is possible to conclude that Si and SITLs are very likely to be directly involved 

in the calcification mechanisms. This makes SITs and SITLs the best candidates for a 

calcification related gene in coccolithophores to date, with the perhaps exception of GPA. 

This is a surprising revelation to the field of calcification, whereby the transporters of Ca 2+ 

and HCO3
- may have been considered likelier candidates.   

6.4. The evolution of calcification  

The data presented here identified the requirement for calcification in C. braarudii and 

the need for Si within the calcification process. We know that the Si requirement is more 

widespread, excluding the Noelaerhabdaceae and Pleurochrysidaceae (Durak et al., 

2016). It is also possible to suggest the requirement for calcification may also be more 

widespread due to the inability of many species of coccolithophore to grow in a non-

calcified form in laboratory culture (Figure 6.2). A caveat here is the inability to culture 

many coccolithophore species and a sufficient number of strains for each. However, 

these requirements may shed light on the evolution of the calcification process. It is 

possible that certain clades of coccolithophores retain ancestral requirements and 

others, such as the Noelaerhabdaceae, may have lost certain limiting calcification 

features.  

 Holococcolith formation 

A possible example of evolutionary loss of a calcification mechanism is holococcolith 

production. Holococcoliths are formed by some species of coccolithophore during the 

haploid life cycle stage but are absent in other species, such as E. huxleyi (distribution 

Figure 6.2). Phylogenetic analyses predicts holococcoliths to have evolved prior to the 

divergence of the Isochrysidales (the lineage containing Noelaerhabdaceae), which 

occurred 220 million years ago (MYA) by the earliest estimate (Medlin et al., 2008; Liu et 

al., 2010). Holococcoliths did not appear in the fossil record until much later (185 MYA) 

but their fragile structure has been predicted to reduce their preservation in the geological 

record. Early coccolithophores were also thought to predominantly occur in coastal 

waters where conditions for preservation in the sediments are unfavourable (Young et 

al., 2005).Therefore, early emergence cannot be ruled out. The mechanism of 

holococcolith calcification is thought to be complex but has not yet been fully elucidated 

(Rowson et al., 1986; Young et al., 1999) and to date, their primary role is not yet known. 
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It is widely suggested that holococcolith calcification is unlikely to have evolved more 

than once due to its complexity and it is more likely that the ability has been lost (see 

Figure 6.2). This loss would have had to occur twice in both a clade of coastal 

Coccolithales (which includes Pleurochrysidaceae and Hymenomonadaceae) (Young et 

al., 2005) and in the Isochrysidales (Medlin et al., 2008; Liu et al., 2010). 

A driver behind holococcolith gene loss may be a trade-off between the cost of production 

and the benefits inferred. Haploid life cycle stages are thought to be more tolerant of 

oligotrophic environments (Houdan et al., 2006) and therefore coccolithophores may 

switch to the haploid stage to cope in these environments. Species that do not produce 

holococcoliths may be greater suited to oligotrophic environments as they do not have 

the energetic cost of holococcolith calcification. However, not enough is known about the 

ecology and physiology of haploid coccolithophore to have confidence in this hypothesis. 

More research is needed in this field. To contextualise, holococcolith calcification is a 

candidate for loss in multiple lineages whereas heterococcolith calcification is only 

suggested to be lost in one lineage, the Isochrysidales (further discussion section 6.4.3). 

This observation suggests that the benefits conferred by heterococcolith calcification 

outweigh the cost inferred whereas in contrast, the benefits may not outweigh the cost 

of production in holococcolith calcification in the environments that haploid cells inhabit.   

   

Figure 6.2 Distribution of holococcoliths, Si-transporters and calcification state in culture 

A schematic tree based on multiple gene phylogenies (Liu et al., 2010) to show the distribution of 

holococcolith production in the haploid life stage (Young et al., 2003), Si-transporters (Durak et al., 

2016) and calcification state in laboratory culture. Some species, E. huxleyi and C. carterae are able 
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to grow in a non-calcified state in laboratory culture with no perceived negative impacts on cellular 

fitness.  

 Si transporters 

The requirement for Si has potentially been lost in some lineages of coccoli thophores 

(distribution Figure 6.2). The wider scale distribution of SITs and SITLs provides evidence 

for loss of Si transporters in certain haptophytes. The distribution of Si transporter genes 

through many major eukaryotic lineages is thought to have originated by either vertical 

inheritance from the eukaryotic last common ancestor or by multiple 

horizontal/endosymbiotic gene transfer events (Marron, Alan O. et al., 2016). Either way, 

multiple occurrences of gene loss of SIT/Ls would have therefore have had to occur to 

produce the distribution we observe today (Marron, Alan O. et al., 2016). It is possible 

that the two coccolithophore lineages known not to have Si transporters, 

Noelaerhabdaceae and Pleurochrysidaceae, have been examples of these multiple gene 

loss events. This hypothesis is supported by the monophyly in the haptophyte SITs and 

SITLs. Marron, Alan O. et al. (2016) describe the origin of SITs from a gene encoding a 

five trans-membrane domain protein that diversified into SITLs observed today. The 

SITLs subsequently duplicated to form SITs, which makes the SITL the ancestral state 

of the descendant SIT. Coccolithophores are an excellent study organism for the further 

understanding of SITs and SITLs. They have species with potential gene loss, 

demonstrated successful expression studies in a species with SITLs, and include a 

species which has both SITs and SITLs, Scyphosphaera apsteinii (Durak et al., 2016).  

However, the lack of ability to genetically manipulate coccolithophores is a large 

hindrance to the field. The ability to target the Si transporters for gene knockout or to 

express fluorescent fusion proteins in species with SITLs or in S. apsteinii where both 

SITs and SITLs are found would enable the full characterisation of their function and 

localisation. These approaches have been highly successful in studies on other algae 

including diatoms (Kroth, 2007) and the green alga Chlamydomonas (Hippler, 2017). The 

recent focus of this yet unachieved goal within the community is both exciting and ho lds 

great prospect for advances in the future.  

  Obligate requirement for calcification 

Previously, it has been suggested that within Isochrysidales there is evidence of the 

independent emergence of calcification as Isochrysis sp. are non-calcifying species and 
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E. huxleyi exhibits differences in calcification mechanisms to other coccolithophores. (De 

Vargas et al., 2007). This may explain the differing calcification requirement identified 

between C. braarudii and E. huxleyi in this thesis.  Emiliania is a relatively modern genus 

that diverged approximately 250,000 years ago (Thierstein et al., 1977). More recently, 

over  the last 70,000 years, they have been a dominant component of global 

phytoplankton communities (Bijma et al., 2001) and have the ability to form vast blooms 

(Westbroek et al., 1993). The differences in E. huxleyi calcification include the absence 

of an organic base-plate during calcite production (Klaveness, 1972), the absence of 

holococcoliths in the haploid phase in E. huxleyi and closely related Gephyrocapsa sp. 

(Cros et al., 2000) and the ability of E. huxleyi to grow in culture in a non-calcified state 

(Paasche, 1998). De Vargas et al. (2007) suggest these features as potential evidence 

of a genus that is evolving a sophisticated calcification mechanism and as evidence for 

the multiple independent emergences of calcification. However, it is also important to 

note that calcification may have been lost by Isochrysis. The loss of calcification is 

perhaps more plausible since it would require a singular event whereas the alternative 

would require calcification evolving at least twice within the coccolithophores.  

More work on the requirement for calcification would help explore these two theories as 

we do not yet know how widely the obligate requirement for calcification is distributed 

outside C. braarudii.  However, the current data suggest that very few examples grow 

well in a non-calcified state (distribution shown Figure 6.2, and in more detail Appendix 

II: Table II.2). 

6.5. Ecological impacts 

 Environmental conditions at the time of coccolithophore evolution  

It is clear that environmental conditions have played a role in the evolution of calcification 

in coccolithophores. It has been suggested that the mechanisms for calcification were 

already in place in the cells and that environmental conditions at the time drove them into 

novel roles resulting in calcification (Westbroek & Marin, 1998).  

Coccolithophores originated in a period of high Ω necessary for calcification due to an 

oversaturation of carbonate around 220 MYA, this is thought to be a result of erosion and 

absence of calcification activities at that time (Walker et al., 2002). As a result the availability 

of HCO3
- is considered sufficient for coccolithophore calcification. Ca2+ was also abundant 

220 MYA and at higher concentration than in modern oceans, approximately 15 mM 
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whereas modern oceans have an average Ca2+ of 10 mM (Hönisch et al., 2012). Therefore 

both components of calcification were readily available.  

The available dissolved Si (dSi) at 220 MYA was approximately 1 mM, considerably 

higher compared to an average of 70 µM in modern oceans and less than 10 µM in 

surface waters due primarily to proliferation of diatoms (Siever, 1991; Treguer et al., 

1995). Coccolithophores are therefore likely to have evolved a requirement for Si in 

calcification when Si was in abundance. The requirement for Si in calcification may have 

preceded the emergence of SIT and SITL transporters in coccolithophores. Si, in the 

form of silicic acid, diffuses across membranes at concentrations >30 µM. 

Coccolithophore SITL transporters may have evolved in parallel with the decreasing 

availability of [dSi] and the evolution of the diatoms 140 MYA (Gersonde & Harwood, 

1990). The SITLs may have evolved to cope with this reduction and transport the required 

Si for calcification. It has also been proposed that Si transporters evolved to regulate 

intracellular Si (Marron, Alan O. et al., 2016), however it is not currently clear how this 

would work mechanistically since modern Si transporters operate as influx carriers driven 

by Na+ co-transport. The original evolutionary role of Si transporters in coccolithophores 

remains elusive but the data reported in this thesis implies that today, most 

coccolithophores inhabit environments where Si must be actively transported to meet 

their needs.  

 Current coccolithophore ecology 

The findings presented in this thesis also relate to current coccolithophore ecology, 

highlighting the physiological difference between species, markedly between C. braarudii 

and E. huxleyi. A lot is known about E. huxleyi as it is the most ubiquitous of all the 

coccolithophores, found in many surface ocean environments. It has the ability to form 

vast blooms  with cell densities as high as 108 cells L-1, recorded in the Norwegian Fjords 

(Birkenes & Braarud, 1952; Berge, 1962). E. huxleyi is considered a euryhaline species, 

able to grow at salinities ranging from 41 ppt in the Red Sea (Winter et al., 1979) to 11 

ppt in the Sea of Azov (Bukry, 1974) and a eurythermal species with a temperature range 

of 1 - 30ᴼC (Okada & McIntyre, 1979). It is also considered to be nutrient tolerant as they 

inhabit both eutrophic and oligotrophic environments and light tolerant as they occupy 

the to top 200 m of the ocean (Winter et al., 2006). There is a high amount of variation 

between strains in a variety of categories, including morphotype, abundance of coccoliths 

(Paasche, 2001), genotype variation (Young & Westbroek, 1991) and response changing 
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carbon chemistry (Langer et al., 2009). All considered, E. huxleyi is clearly a highly 

adaptive species that has had considerable ecological success for the last 73, 000 years 

(Thierstein et al., 1977). 

It is occasionally difficult to identify C. braarudii in the literature preceding 2003 as at this 

time this species was grouped within the species Coccolithus pelagicus. Following 

molecular analysis of genes tufa (translation elongation factor), ITS (internal transcribed 

spacer region) rDNA and 18S (small subunit) rDNA, C. pelagicus was separated into two 

species: C. braarudii and C. pelagicus (Sáez et al., 2003). C. braarudii has a more 

restricted distribution than E. huxleyi, being largely found in temperate waters, in 

particular coastal and upwelling areas (Giraudeau et al., 1993; Cachao & Moita, 2000; 

Geisen et al., 2002; Parente et al., 2004; Ziveri et al., 2004; Cubillos et al., 2012). C. 

pelagicus has a more Northerly distribution of the two, found in the Arctic Ocean and 

sub-polar Northern Hemisphere (McIntyre & Bé, 1967; Daniels et al., 2014). The 

Coccolithus species are known to bloom, with records of C. pelagicus blooming to cell 

densities of 106 cells L-1 off Scotland (Milliman, 1980). C. braarudii is thought to favour 

nutrient-rich environments in the diploid phase and is more tolerant to oligotrophic 

environments when in the haploid phase (Houdan et al., 2006). C. braarudii is an 

important producer of calcium carbonate in the environments it inhabits. A study by 

Daniels et al. (2014) revealed that the cellular calcite content of C. pelagicus (16.6 pmol 

calcite cell-1) and C. braarudii (38.7 pmol calcite cell-1) is typically 30-80 times greater 

than E. huxleyi (0.43 - 0.52 pmol calcite cell-1). Therefore even with the higher growth 

rate exhibited by E. huxleyi, C. braarudii was shown to be a significant producer of calcite 

in mixed communities and crucial contributor to biogenic calcite production. C. braarudii 

may be less abundant than E. huxleyi but its calcite production is highly influential on the 

environments it inhabits. 

C. braarudii is less ubiquitous and has a more specific ecological niche than E. huxleyi, 

which correlates with the findings presented here. Requiring calcification for growth and 

a reliance on Si are likely to add to the limitations upon C. braarudii. For example, this 

may contribute to an inability to successfully colonise areas of the oceans that exhibit 

unfavourable carbonate chemistry, such as the Baltic Sea, which exhibits a low calcite 

saturation state in winter (Tyrrell et al., 2008). The role of calcification in relation to 

proposed costs and benefits was recently modelled using the Darwin model and current 

ecological data. (Monteiro et al., 2016). This model highlighted that different species may 
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have differing advantages inferred from calcification within the broad category of 

protection. C. braarudii would be a really interesting candidate species to investigate 

further due to the pressures of an obligate calcification requirement and a reliance on Si. 

Although the study also focussed on the cost of calcification, we have presented a case 

for including the transport costs of Si and the increased metabolic costs in regard to 

extracellular CAPs which are not considered in current calculations. As we learn more 

about calcification we may be able to revise our cost calculations to build an accurate 

picture of the trade-offs coccolithophore will to undergo to calcify.  

 Response to future ocean scenarios 

As well as current ecology it is important to consider future ocean conditions and the 

pressures predicted to impact coccolithophores by ocean acidification and ocean warming. 

Increasing CO2 levels have widely been considered a threat to calcifying organisms (Doney 

et al., 2009). Atmospheric CO2 is at equilibrium with the ocean surface waters such that CO2 

released by anthropogenic activity leads to an increase in ocean pCO2. Consequently the 

ocean pH will be reduced and the carbonate (CO3
2-) ion concentration lowered. As a result 

the saturation state (Ω) of the ocean is reduced and conditions for the formation calcareous 

structures is less favourable (Doney et al., 2012).  

Research based largely on laboratory studies of E. huxleyi suggests that, while significant 

variability exists between different studies and strains, calcification rates are likely to be 

lower under future ocean conditions (Findlay et al., 2011; Hoppe et al., 2011; Meyer & 

Riebesell, 2015), albeit, the reduction in growth by E. huxleyi under more extreme ocean 

acidification scenarios appears to be principally due to sensitivity to reduced pH and not an 

effect of the decreased calcification rate (Bach et al., 2011; Taylor et al., 2011; Bach et al., 

2013; Bach et al., 2015). Other coccolithophore species are also likely to exhibit decreased 

calcification rates under future ocean scenarios (Langer et al., 2006a). Here we provide 

evidence that subtle defects in calcification can have a detrimental effect on the ecological 

success of C. braarudii over time. The essential requirement for an intact coccosphere in 

species such as C. braarudii could potentially influence their response to future changes in 

ocean carbonate chemistry. Previous studies have shown that significant increases in 

seawater CO2 (pCO2 >1000 µatm) result in a substantial decrease in both growth rate and 

calcification rate in C. braarudii, with clear evidence of substantially malformed coccoliths 

(Müller et al., 2010; Bach et al., 2011; Krug, 2011).  
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The effects of ocean acidification on coccolithophores have been shown to be intertwined 

with temperature (Sett et al., 2014). Coccolithophore data has been varied, with some 

laboratory studies demonstrating that E. huxleyi may be able to adapt well to warming 

(Schlüter et al., 2014) and others demonstrating a poleward expansion in this species 

(Winter et al., 2014). Gibbs et al. (2016) demonstrated that warming temperatures were the 

principal driver in range retentions of coccolithophores, resulting in a shift to higher latitudes 

despite the more adverse ocean chemistry conditions for calcification. Adverse ocean 

acidification effects were only evidenced when combined with increased temperatures. We 

may consider how this effect would influence an obligate calcifier such as C. braarudii.  A 

temperature induced range shift may have an indirect detrimental impact on the species 

ability to calcify which may result in an inability to grow. However, the study by Gibbs et al. 

(2016) targeted holococcoliths and Braarudosphaera sp., whose genetic status as a 

coccolithophore still remains unresolved (Chapter 1: section 1.3), therefore we must use 

caution in interpreting the findings with respect diploid coccolithophore requirements.  

Whilst it is clear that the response of coccolithophores to future changes in seawater 

carbonate chemistry will involve many aspects of cellular physiology, the results presented 

here demonstrate that accumulated defects in coccolith morphology can disrupt the 

formation of the coccosphere and prevent the cells from undergoing successive divisions. 

Therefore, the predicted disruption of calcification in C. braarudii by elevated CO2 may 

directly influence the growth and survival of this species in future oceans.  

6.6. Concluding Remarks 

The data presented in this thesis provides novel insights into coccolithophore biology and 

enforces the importance of studying a range of species. Although E. huxleyi has been 

the research focus for many years, this thesis clearly demonstrates there are species 

within the calcifying haptophytes that exhibit a large degree of variation to the considered 

model coccolithophore. C. braarudii is another excellent study species due to its ease of 

culture and dichotomous characteristics when compared to E. huxleyi.  Additionally, 

aspects of the calcification mechanisms in C. braarudii may represent the ancestral state 

within the coccolithophores.  

The work described in this thesis is based on the combination of multidisciplinary studies. 

Combining physiology, cell biology, molecular and environmental approaches has led to 

the advances made here. This multidisciplinary approach is considered essential to 
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inform modelling and ecological studies, as has occurred in previous works (Monteiro et 

al., 2016).  

Finally, coccolithophores are complex and their calcification activities are globally pivotal 

in biogeochemical cycling. We still do not fully understand the mechanisms behind 

calcification and how they will respond the future ocean conditions but a fully integrated 

approach encompassing many disciplines is essential to fully elucidate the complex 

biology behind these enigmatic microalgae.  
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Figure I.1 
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Figure II.1 Images of internal malformed coccoliths 

Bright field and polarised light microscopy of decalcified C. braarudii cells after 24 h in 0.2 Ge/Si (a) 

and 0 Ge/Si control (b). Cells were decalcified prior to imaging to clearly visualise the developing 

internal coccolith. In the Ge treated cells coccoliths are unmistakably malformed. Ge resultant 

malformations are visible in both the light and polarised light images, especially when compared to the 

ellipsoidal structure of the control cell internal coccoliths. Scale bars denote 5 µm. 
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Figure II.2 Images of Si-depleted cultures 

C. braarudii cells after 9 and 18 d and 21 d (third sub-culture) in <0.2 µM [dSi]. Cells are fully calcified 

at 9 and 18 d (a) though partially calcified cells can be observed at <0.2 µM [dSi] after 21 d (b: arrowed). 

Many cells are present in pairs. c) Bright field images of cells grown in <0.2 µM [dSi] for 21 d and then 

transferred into <0.2 and 20 µM [dSi]. 7 d after transfer (i.e. 28 d after the initiation of the experiment) 

cells in <0.2 µM [dSi] are poorly calcified whereas those transferred to 20 µM [dSi] exhibit full 

coccospheres. Scale bars denote 50 µm. 
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Figure II.3 Photosynthetic efficiency following disruption of calcification 
a) The photosynthetic efficiency of photosystem II (Fv/Fm) following treatment of C. braarudii cells with 

0.2 Ge/Si (100 µM Si) and (b) 0.05 mM HEDP for 72 h. No significant difference was observed in either 

treatment (p=>0.05, n=3, when analysed using a two-tailed t-test). Error bars denote standard error.  
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Figure II.4 Time-lapse microscopy of cell division in C. braarudii 

Time-lapse imaging of C. braarudii undergoing cell division recorded over 16 h in the dark (cells were 

illuminated for 100 ms every 5 minutes in order to record an image). At the onset of cell division, the 

cell begins to elongate (185 min) and the coccoliths move flexibly on the cell surface to maintain a 

complete coccosphere. As the cell divides, the coccosphere rearranges to ensure both daughter cells 

are fully covered following division (230-465 min).  The cells separate following rearrangement of the 

coccospheres (600-750 min) and a complete coccolith is dislodged prior to separation of the two 

daughter cells (arrowed). Frame labels denote minutes passed and scale bars denote 15 µm. 
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Figure II.5 Cell division can occur in the absence of a coccosphere 

C. braarudii cells were decalcified using ASW minus Ca2+ pH 7.0 for 1 h. This timescale results in 

significant numbers of fully decalcified cells. Time-lapse images were recorded for 16 h in the dark 

(17ᴼC) to observe cell division of the decalcified cells. a, b) examples of  fully decalcified cells 

undergoing cell division (arrows). The cells are able to divide when fully decalcified but remain in pairs 

after cytokinesis takes place. Frame labels denote minutes passed and scale bars denote 15 µm. 
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Figure II.6 Malformed coccolith production in Ge-treated cells 

C. braarudii cells were incubated in Ge/Si 0.2 (10 µM Si). Time-lapse images were recorded over 16 

h in the light (17ᴼC) to observe the effects of Ge. Cells treated with Ge are initially fully calcified. In the 

example shown, a cell produces a highly malformed coccolith 6 h after addition of Ge (arrow). The 

malformed coccolith is unable to integrate into the coccosphere and is discarded into the surrounding 

media. Frame labels denote minutes passed and scale bars denote 10 µm. 
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Figure II.7 Ge-treated cells exhibit a progressive disruption of the coccosphere as cell volume 

increases 
Time-lapse LM footage was recorded over 12 h in the light (17ᴼC) to observe the effects of Ge on 

coccolith production. C. braarudii cells were grown in Ge/Si 0.2 (10 µM Si) for 4 d. In control cells, 

coccoliths are continuously produced and incorporated into the coccosphere as volume of the growing 

cell increases, ensuring the cell remains covered by a single layer of coccoliths. Ge-treated cells also 

continue to calcify and exhibit an increase in cell volume during the 12 h time-lapse period. However, 

as the malformed coccoliths are not integrated into the coccosphere, the coccosphere covers 

proportionately less of the cell body as the cell expands. As a result, the disruption to the coccosphere 

is visibly greater at the end of time lapse (720 min) the compared to the start (T0). Frame labels denote 

minutes passed and scale bars denote 10 µm. 

  



157 
 

Table II.1 Disruption of calcification in C. braarudii by low Ca2+, HEDP or Ge, determined as the percentage of incomplete or malformed 

coccoliths in the coccosphere. 

Inhibitor  24 h 48 h 72 h 

Control Inhibitor Control Inhibitor Control Inhibitor 

Low Ca2+ Incomplete (%) 9.42* 8.49 12.53 20.69 6.56 29.75 

Total Coccoliths Scored 456 412 431 435 457 437 

Ge Malformed (%) 0.00 4.03 0.76 13.74 0.38 11.08** 

Total Coccoliths Scored 552 521 526 502 526 469 

HEDP Malformed (%) 0.41 3.24 0.21 15.40 0.00 25.00 

Total Coccoliths Scored 487 432 475 435 471 471 

Incomplete: where calcification of the coccolith has begun but stopped before completion 

Malformed: coccoliths exhibiting gross defects in morphology, e.g. irregular shaping of the calcite crystals 

* C. braarudii cells grown in ASW typically exhibit an elevated level of incomplete coccoliths relative to cells grown in natural seawater. 

** Coccoliths generated during Ge treatment are highly malformed and often fail to integrate into the coccosphere. 
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Table II.2 The calcification status of diploid coccolithophore strains in algal culture collections 

Family Species 

 

Isolates often become 

partially- or non-calcified 

in laboratory culture?* 

Examples of non-

calcified diploid strains 

in culture collections 

Reports of non-calcified 

strains in literature 

Calcidiscaceae Calcidiscus leptoporus NO None  

 Calcidiscus quadriperforatus NO None  

 Oolithotus fragilis NO None  

 Umbilicosphaera sibogae NO None  

 Umbilicosphaera foliosa NO None  

 Umbilicosphaera hulburtiana NO**  None  

Coccolithaceae Coccolithus pelagicus NO None  

 Coccolithus braarudii NO None  

Hymenomonadaceae Ochrosphaera neapolitana YES CCAP932/1; RCC1358; 

RCC1365 

 

 Hymenomonas coronata YES RCC1337  

Pleurochrysidaceae Chrysotila carterae YES CCMP645; RCC1402 Marsh & Dickinson, 1997; 

Marsh, 2006 

 Chrysotila dentata YES CCAP904/1; RCC1394  

 Chrysotila pseudoroscoffensis YES CCAP912/1; CCAP913/2; 

CCAP913/3; CCAP961/3 

 

Helicosphaeraceae Syracosphaera pulchra NO None  

 Helicosphaera carteri NO None  

Pontosphaeraceae Scyphosphaera apsteinii NO None  

Noelaerhabdaceae Gephyrocapsa oceanica NO None  

 Emiliania huxleyi YES CCMP370; CCMP373; 

CCMP374; CCMP379; 

CCMP1280; CCMP1516; 

CCMP2090 

Klaveness, 1972; Paasche, 

2001 

*Non-calcified strains are defined as diploid strains which can persist in a non-calcified state without any adverse effects on cell fitness; calcified strains are those in which 

healthy diploid cultures do not exhibit non-calcified cells. **A single isolate (strain RCC1474) was observed to grow in a non-calcified state for a prolonged period, 

although it has subsequently regained a calcified state (I. Probert -personal communication). 
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Table III.1 REST Output: Si Reduction Response 

Time 

(d) 

Control 

(Si µM) 

Test 

(Si µM) 

Gene Type Reaction 

Efficiency 

Expression Standard 

Error 

95% Confidence 

Interval 

P(H1) Result* 

1 10 0.22 

EFL REF 0.95 1.054     

RPS1 REF 0.90 0.648     

SITL QUERY 0.92 0.908 0.690 – 

1.216 

0.554 – 1.349 0.697 NS 

8 10 0.22 

EFL REF 0.95 0.959     

RPS1 REF 0.90 1.042     

SITL QUERY 0.92 1.205 0.956 – 

1.541 

0.854 – 1.673 0.298 NS 

* Statistical significance of the normalised expression change. NS: not statistically significant
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Table III.2 REST Output: Si Replenishment Response 

Time 

(h) 

Control 

(Si µM) 

Test 

(Si µM) 

Gene Type Reaction 

Efficiency 

Expression Standard 

Error 

95% Confidence 

Interval 

P(H1) Result* 

48 0 

2 

EFL REF 0.99 1.136     

RPS1 REF 1.0 0.881     

SITL QUERY 0.97 0.872 0.594- 1.129 0.545 – 1.187 0.842 NS 

20 

EFL REF 0.99 0.738     

RPS1 REF 1.0 1.355     

SITL QUERY 0.97 1.097 0.857 – 

1.799 

0.612 – 1.799 0.721 NS 

100 

EFL REF 0.99 1.018     

RPS1 REF 1.0 0.982     

SITL QUERY 0.97 0.710 0.537 – 

1.191 

0.366 – 1.276 0.481 NS 

96 0 

2 

EFL REF 0.99 0.618     

RPS1 REF 1.0 1.617     

SITL QUERY 0.97 1.298 0.379 – 

4.575 

0.333 – 5.488 0.608 NS 

20 

EFL REF 0.99 1.473     

RPS1 

SITL 

REF 

QUERY 

1.0 

0.97 

0.679 

0.490 

    

0.333 – 

0.702 

0.293 – 0.842 0.080 NS 

100 

EFL REF 0.99 1.507     

RPS1 REF 1.0 0.664     

  SITL QUERY 0.97 0.408 0.269 – 

0.588 

0.236 – 0.706 0.045 DOWN 

* Statistical significance of the normalised expression change. NS: not statistically significant
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a) EFL L4 consensus and C. braarudii MMETSP EFL Sequence Alignment 

 

 

b) SITL L4 consensus and C. braarudii MMETSP SITL Sequence Alignment 

 

Figure III.1 Alignments of EFL and SITL environmental and reference sequences  

EFL (a) and SITL (b) L4 environmental consensus sequences aligned with C. braarudii MMETSP 

EFL and SITL reference sequences.  
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Figure IV.1 FITC-conA does not bind to calcite 

Bright field image of C. braarudii coccoliths treated with sodium hypochlorite to remove all organic 

material. No non-specific binding of FITC-conA to calcite was observed in this sample. Scale bar 

denotes 5 µm. 
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Figure IV.2 Confocal microscopy of Texas Red-conA stained decalcified C. braarudii  

The 3D reconstruction shows ellipsoidal intervals in the Texas Red-conA staining. Chlorophyll 

autofluorescence is also shown (red). Texas Red-conA staining is comparable to FITC-conA indicating 

that there was no non-specific binding due to the fluorophore conjugated to the lectin. Scale bar 

denotes 10 µm. 
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Figure IV.3 FITC-conA staining of polysaccharide extractions 

FITC-conA stained coccoliths following (a) cell lysis, (b) density centrifugation and (c) a portion of the 

polysaccharide pellet post-extraction procedure. FITC-conA staining visualised in calcified cells is 

maintained throughout the polysaccharide extraction process.  
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Figure IV.4 Detachment of the extracellular polysaccharide layer  

FITC-conA staining of C. braarudii cells with an attached polysaccharide layer (a-b) and without an 

attached polysaccharide layer (c-d). The detached polysaccharide layer can remain intact even when 

removed from the cell body (e-f) whereby the oval-shaped structure is still visible (arrow). These 

images were captured on a Nikon Ti epifluorescent microscope. Scale bar denotes 5 µm and is applied 

to all images.  
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Figure IV.5 Extracellular polysaccharide coats the cell and the coccoliths 

FITC-conA stained partially decalcified C. braarudii shows that the extracellular polysaccharide is 

localised on the cell body and coats the singular coccolith visualised on the cell surface. It is likely that 

the polysaccharide coats the coccolith as it moves through the extracellular layer. Scale bars denote 

10 µm. 
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