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Abstract
Pleurochrysis and Chrysotila are coccolithophorid algae (Haptophycea), which are mainly marine 

unicellular phytoplankton. The coccolithophorids are of global interest as they can fix carbon by 

photosynthesis, as well forming calcium carbonate coccoliths. They are the largest carbon sinks and 

one of the largest primary producers of biomass on the planet, with their ancestors being responsible 

for the deposition of large quantities of chalk. They can also produce high amounts of lipids, which 

have a high potential application as a renewable fuel and alternative food source. 

The objective of this study was to investigate the suitability of different strains of Pleurochrysis and 

Chrysotila for simultaneous biofuel production and carbon capture, and to explore the potential of a 

biorefinery approach to achieve this. 

The initial twelve strains provided by the Culture Collection of Algae and Protozoa (CCAP) were 

assessed  for  their  morphological  characteristics,  in  order  to  assess  their  suitability  for  further 

experimentation. Subsequently, growth optimisation was then performed on a variety of different 

species,  as  well  as  isolates  that  had  not  been  identified  to  species  level.  These  included 

Pleurochrysis sp. CCAP 944/4, Chrysotila carterae CCAP 944/6, Chrysotila carterae CCAP 961/2, 

Chrysotila  carterae CCAP 961/1,  Chrysotila  carterae CCAP 961/4,  Chrysotila  carterae CCAP 

961/5 and Chrysotila carterae CCAP 961/8.

Further experimentation was then undertaken to the assess the potential of carbon sequestration via 

calcite formation within these cells. Understanding the process in which carbon is incorporated into 

the cells and understanding the conditions that promoted the production of extracellular coccoliths 

became key when understanding the conditions in which these coccoliths detach from the cells. 

Cells  were  assessed  via  scanning  electron  microscopy  (SEM)  and  subjected  to  different 

environmental stresses to induce the removal of coccoliths.

The most productive strains were then analysed to assess lipid quantities and dry weight of biomass 

by using standard methods of lipid extractions. Samples were then subjected to gas chromatography 

(GC) analysis to understand the composition of their lipids and suitability for biofuel production. 

An overall summary to assess the potential of using a biorefinery approach to sequester CO2 and 

produce lipids was discussed in the final chapter. This includes the comparison of pond systems and 

bioreactors, as well as utilising the coccoliths produced by cells which could then be applied to 

environmental engineering procedures. This in turn could be a significant tool for geochemical and 

environmental engineering as a way of managing climate change. 
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Chapter 1: General Introduction 

Chapter 1

General Introduction

1.1 Climate Change in the last century caused by anthropogenic fossil fuel combustion 

By the end of the next century it is predicted that there will be a three-fold increase in carbon 

dioxide concentration in Earth’s atmosphere, causing oceanic surface pH to drop by up to 

50% by the year 2250 (Casareto et al., 2009). These changes primarily stem from anthro-

pogenic fossil fuel combustion and deforestation, both of which are occurring at an alarming 

rate (Sayre, 2010), with predicted accelerations due to the countries of the developing world 

continuing to expand their economies (Riebesell et al., 2000). The contributing greenhouses 

gases and their emissions are outlined in Fig. 1.1.

There is growing evidence to support that greenhouse gas emissions are responsible for the 

increase of the temperature of the oceans and atmosphere, as well as alterations of predictable 

weather systems, loss of glacial mass at polar regions and sea level changes (IPCC report, 

2014)(Fig. 1.2). The above are having a massive and direct effect on all life, with life in the 

surface oceans being the most effected by these changes (Riebesell et al., 2000; IPCC report, 

2014; Caldiera and Wickett, 2003). 

!1

Fig. 1.1  Breakdown of the main contributing greenhouse gases to climatic change from 1970-
present day. Since 1970 there has been a steady increase in all of the main contributing greenhouse 
gases; however, CO2 contributes the largest percentage of all of these gases, with the overall per-
centage observed in the atmosphere doubling within 40 years (IPCC report, 2014). 
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Once the pH of the oceans begins to fall, they create their own buffer system, facilitating large 

scale ocean acidification (Heinze, 2004). This change caused by the addition of anthropogenic 

CO2 is therefore being predicted as one of the greatest climatic shifts seen in the geological 

record in the past 300 million years (Caldiera and Wickett, 2003). From data collected on past 

climates, the Miocene and the Pliocene are the only time periods that had higher pCO2 than 

preindustrial times. The climate forcing during these times was caused by either natural de-

gassing or volcanic activity (Pagani et al., 1999). Therefore, it may become important to use 

these time periods as proxies to the effect humans are currently having on the environment, as 

well as biogeochemical cycles, and this may help anticipate changes that will occur as a result 

(Bolten et al., 2016).

!2

Fig. 1.2  Predicted rises in temperature, sea level and greenhouse gas emissions cause by anthropogenic 
forcing in the last century. The changes illustrated above are all of a direct result of the increase in green-
house gas amounts. Sea level has increased by 0.2m in the last 40 years and average global temperatures have 
increased by a degree. All of these changes are attributed to a warmer climate as a result of the anthropogenic 
emissions illustrated in Fig. 1.2c and Fig. 1.2d. (IPCC report, 2014).
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1.2 The carbon cycle and the implications caused by climatic changes

The carbon cycle is a key biogeochemical cycle that will be directly impacted by climatic 

changes. It is regulated by geological processes such as silicate weathering, carbonate precipi-

tation, carbonate metamorphism, mantle CO2 degassing, oxidation weathering, and burial of 

organic carbon, along with biological processes such as decay of vegetation and respiration 

(Farrelly et al., 2013). These processes are outlined in Fig. 1.3, with the timescale that these 

processes occur on also being included. During glacial periods, the oceans take on the role of 

carbon dioxide sinks, with transitional periods counteracting these processes, thus releasing 

carbon back into the atmosphere and balancing the cycle over long timescales. During glacial 

periods there is an increase in the availability of nutrients, such as iron, which promotes pri-

mary production and encourages CO2 drawdown. After an increase in primary production 

there is an increase in deposition of organic carbon-rich sediments associated with the in-

creased amount of dying biomass (Raven and Falkowski, 1999). Typical carbon balancing 

models usually ignore the effect of biomineralising organisms, yet the effect that they have is 

so great that they must be included (Seki et al., 1995). Therefore, the ocean and the biominer-

alising organisms, such as coccolithophorid algae used within this study, must be considered 

as an important part of the global carbon cycle, as up to a quarter of all fossil fuel emissions 

will be absorbed by these sinks (Bautista-Chamizo et al., 2016). However, greater amounts of 

CO2 being absorbed into the oceans can result in the formation of carbonic acid, thus causing 

ocean acidification (Farrelly et al,. 2013). This affects the calcification potential of all calcium 

carbonate producing organism in the oceans (Casareto et al., 2009) and can change the avail-

ability of dissolved inorganic carbon (DIC) (De Bodt et al., 2010), which will in turn, further 

affect the global climate cycle (Langer et al., 2009). It also must be considered that the oceans 

uptake of CO2 will help to control future climate (Orr et al., 2005), and as quantities of calci-

um carbonate reduce this will in turn increase the amount of CO2 that can be absorbed by the 

oceans, resulting in further acidification (Bach et al., 2013; De Bodt et al., 2010).

Dissolved CO2 in the oceans is the only way DIC can be transferred into the atmosphere, 

therefore making the process extremely important within the carbon cycle (Guttuso et al., 

1995). Fifty times more organic carbon is stored in the oceans compared to the atmosphere, 

with the transfer between the two taking millions of years (Raven and Falkowski, 1999). Al-

gae also utilise this DIC and when they die, the organic carbon material sinks to the ocean 

floor, where it undergoes multiple processes before being sequestered. Importantly, calcifying 

organisms export carbon and calcite crystals and contribute up to 60% of the total carbonate 

flux as well as supplying associated elements such as N, P, Si and F to the deep ocean (Luan 
!3
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et al., 2015). The remaining biomineralised calcium carbonate, which is also regenerated car-

bon, is sequestered as deep sea carbonates (Ito et al., 2015). The influence of sunlight and the 

rate of sinking helps to increase the flux of carbon to the deep ocean (Pasquer et al., 2005). 

Large amounts of calcium carbonate are usually produced during high rates of photosynthesis; 

however, no obvious link between the two has, as yet, been made. The CO2 produced by the 

production of calcium carbonate can be utilised by the algae and incorporated via photosyn-

thesis (Gattuso et al., 1995). To maintain balance within this cycle, there must be a direct link 

between the production, accumulation and decomposition of all biomass. However, due to the 

ever-increasing emissions produced from fossil fuel consumption, there is currently an imbal-

ance (Sayre, 2010). If the cycle were to be in equilibrium, there would be a higher chance of 

CO2 levels being significantly reduced (Farrelly et al., 2013).

With more fossil fuels being burnt for fuel purposes and CO2 being incorporated into the at-

mosphere each year, the carbon cycle, along with some nutrient cycles, are being compro-

mised (Geider et al., 2001). Twenty billion tonnes of pollutants are released each year from 

the burning of fossil fuels (Moheimani et al., 2012), with one third of all fossil fuel outputs 

coming from electrical power plants (Fig. 1.4). These stations have the highest outputs of CO2 

area-1 time-1 and therefore pose the greatest threat to the Earth’s atmosphere (Herzog and 

!4

Fig. 1.3  Components that contribute to the overall balance of CO2 and compose the carbon 
cycle on Earth. CO2 from the atmosphere will eventually by transferred naturally into long term 
storage in either sedimentary rocks, surface soils, plants or as fossils fuels. These natural sinks are 
potential methods of solving the current CO2 problem and using these natural resources to reduce 
current atmospheric CO2 levels (Anon1, 2016).
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Drake, 1996). Between two billion and eight billion tonnes of CO2  are directly produced from 

human activity. Currently, up to 50% of the terrestrial carbon cycle has been compromised 

due to anthropogenic emissions (Moheimani et al., 2012; Farrelly et al., 2013), so it is under-

standable that the oceans will begin to experience similar alterations as the transfer of carbon 

into the ocean takes effect. 

1.3 The rising demand for renewable fuels and carbon sequestration

Although natural processes, as outlined in section 1.2, react in order to combat the increasing 

amounts of  CO2,  we must  take more action to help reduce these levels  as nature is  “not 

equipped” to deal with these drastic amounts of pollution. Additionally, as we approach ‘peak 

oil’ status, due to finite oil supplies, there becomes a greater need to research into fuels that 

are renewable, such as biodiesel and ethanol (Fig. 1.5)(Borowitzka, and Moheimani, 2013). 

The use of biofuels and renewables, such as solar, wind or wave based electricity, helps to 

combat the problems associated with climate change, as they do not contribute to the overall 

concentrations of CO2 in the atmosphere. Furthermore, compared to petroleum products, bio-

fuels contain much lower concentrations of nitrogen and sulphur, both of which also con-

tribute to climatic changes (Wu et al., 1999).

!5

Fig. 1.4 Greenhouse gas emissions by economic sectors. The main contributors of CO2   are the 
power sectors as well as transport, both of which must be addressed and a solution found in order to 
combat rising CO2 levels. Therefore cleaner energy alternatives should be researched (IPCC report, 
2014).
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Rising demands for “clean” fuels, such as algal based biofuels and ethanol, mean that large-

scale production must be achieved in order to keep pace with the demand that petroleum 

based fuels have created in modern day society. Furthermore, the UK must reduce its CO2 

emissions by 80% if it is to meet the goals set against the 1990 baseline (Jorat et al., 2015), 

which hopefully can be achieved with the use of renewable energies. Global oil demand in 

2008 was 8.3x106 bbl per day (each barrel being equal to roughly 159 litres); however, cur-

rently algae based oils cannot meet these demands, not least due to nutrient availability and 

unsustainability of large cultures. Therefore, although they have significant potential, more 

research must be carried out in order to make these processes viable (Borowitzka and Mo-

heimani, 2013).

Similarly, methods of carbon capture must be researched in order to combat the rising CO2 

levels caused by anthropogenic emissions, as reliance on renewables is not enough to reduce 

the levels of CO2 in the atmosphere alone. Carbon capture was first explored due to the eco-

nomic  advantages  of  containing  flue  gas  from  power  plants.  Carbon  dioxide  was 

“contained”and used in the process of oil recovery, which helps with oil mobility, and as a 

result the potential productivity of the reservoir was highly increased.  Current opinion is that 

natural fixation is a realistic and sustainable approach to counteract rising CO2 levels that are 

enhanced by the burning of these petroleum products (Herzog and Drake, 1996).

!6

Fig. 1.5 Estimated peak oil and gas production, with predicted future decline. In modern times 
we use up to four times the amount of oil that is discovered, therefore oil must be considered a finite 
resource. Thus, alternative sources of energy including wave, wind, solar or biofuels must be inves-
tigated (Anon2, 2016).
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1.4 The potential of algae for future biofuels

A currently active field of research into renewable, clean fuels is the production and use of 

algal lipids to produce biodiesel. Algae are the main primary producers on the planet, as well 

as one of the highest producing biological systems for both biomass and carbon capture. It is 

predicted that up to 55 GT of carbon are fixed each year by algae alone (Bach et al., 2013). 

They also play an important part in many biochemical systems, as previously mentioned in 

section 1.2, by creating energy transfer and by regenerating nutrients (Bautista-Chamizo et 

al., 2016). Microalgae have many advantages because they can be grown continuously, with 

the whole biomass being used; a process that is not possible with any terrestrial biomass. In 

terrestrial plants a significant amount of biomass is associated with the roots, which is only 

economically harvested in root-crops, therefore a high amount of material is lost. Additional-

ly, many algae can produce oil rich lipids, theoretically with up to 60% lipid content under 

optimal growing conditions (Sayre, 2010), as well as having the additional advantage of being 

a potential carbon sink for excess atmospheric CO2 (Moheimani et al., 2012).  

The growth rate and productivity of microalgae is also greater than other biomass producers, 

such as higher plants (Wu et al., 1999), and they utilise natural resources (sunlight and CO2) 

to create a cleaner fuel source than petroleum based fuels (Herzog and Drake, 1996). By util-

ising these natural resources there will, at least in theory, be the potential for sustainable fuel 

production (Sayre, 2010), unlike the problems that oil production is facing today, as the Earth 

is constantly being supplied by energy from the sun (Packer, 2009). Microalgae have a solar 

conversion rate of 3-5%, meaning up to 1/3 of CO2 that is captured can be converted to usable 

biomass for biodiesel production (Herzog and Drake, 1996). Furthermore, they have a wide 

global distribution meaning they can grow under most environmental conditions (Sikes et al., 

1980) due to a diverse range of phyla (Boruff et al., 2015). Other advantages of using mi-

croalgae as a biofuel source and a carbon sink are: the ability to cultivate large cultures within 

relatively small land areas, compared to terrestrial plants; nutrient levels can be kept at a con-

stant level to allow optimal cultivation of cultures as well as harvesting potential; algae can 

grow within a diverse range of environment from hyper-saline to freshwater (Moheimani et 

al., 2012) meaning global fresh water availability will not be compromised, as most species 

used within commercial scale cultivation are marine (Sing et al., 2013). 

Algae used to produce biofuels have mainly been selected due to the quantities of high quality 

lipid they contain. Furthermore, residual biomass may be used to produce ethanol, further in

!7
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creasing the value of the biomass produced (Borowitzka and Moheimani, 2013). Algae can 

also utilise carbon from a variety of sources including the atmosphere, industrial waste gases 

and dissolved carbonates within water systems (Wang et al., 2008). Cultivation of algal bio-

mass can be undertaken on a large scale by either open pond systems, or closed photobioreac-

tors to allow for optimum biomass to be harvested and processed to allow the production of  

algal based biofuels to be commercially feasible (Boruff et al., 2015).

1.5 Constraints to commercial-scale production of algae

Although there are many advantages to using algae as an energy source, as previously de-

scribed above, there are still many limitations to the production of these biofuels on a com-

mercial scale. Water and CO2 were initially considered to be the main limiting factors to algal 

production, as well as limiting nutrients, such as nitrogen and phosphorous. Currently, finan-

cial feasibility is the major drawback when assessing the sustainability of algal production 

(Weissman and Goebel, 1987).

Similarly, issues are associated with the construction of large-scale culture areas as well as 

maintenance are further issues that must be considered. Harvesting and processing are also 

still considered as being potentially problematic stages during large scale cultivation, as they 

are labour intensive (Weissman and Goebel, 1987). The cost of biofuel production is currently 

too high to compete with petroleum based fuels, as previously mentioned in section 1.3. Cur-

rent estimates suggest it is between 2-3 times more expensive to produce biofuels, compared 

to standard petroleum based fuels (Wang et al., 2008); however, with increasing knowledge 

and advances in technology, the cost of production is predicted to decrease (Boruff et al., 

2015). Large-scale cultures are usually CO2 limited, therefore need additional CO2 input to 

promote improved growth and productivity (Moheimani and Borowitzka, 2011) which can be 

advantageous to reducing atmospheric CO2 levels as growth can also act as a bioremediation 

system for extra CO2. 

The model organisms employed in this study, both Pleurochrysis and Chrysotila, are specifi-

cally susceptible to mutations under environmental stress, causing mineral defects within the 

coccoliths, which may effect the amount of CO2 that can be stored from the production of cal-

cium carbonate (Marsh, 1999). This becomes important for future experimentation into the 

storage of CO2, as the intent would be to increase the amount of CO2 stored from calcium car-

bonate  production.  Therefore  understanding the effect  that  environmental  stimuli  have on 

coccolith production may become key for future carbon sequestration.
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1.6 Lipid composition of algae and its suitability for biofuel production

Further constraints to the production of biofuels from algae is the composition of lipids, as not 

all algal species are suitable to use for biofuel production (Boruff, 2015). Lipids are composed 

of several different components including fatty acids, triacylglycerols, glycolipds and sterols 

(Lee et al., 2012). The lipid yield of algal oil production is presented as a percent dry weight 

of the starting material;  however, cellular components alter the dry weight,  and these can 

change throughout  the cell  cycle  or  under  differing growth conditions thus resulting in a 

change of quantity or composition (Wang et al., 2009). In 2011, 1x105 bbl of algal oil was 

produced each year, with strains being used in production having up to a 30% lipid content 

(Singh et al., 2011). By using algae as a renewable fuel, it produces little to no carbon emis-

sions, similar to wind, solar or geothermal powers, as mentioned in section 1.3 (Sayre, 2010). 

Biofuels produced from algae have the additional advantage of being compatible with the in-

frastructure that is currently in place for petroleum based fuels and products. Additionally, 

they display very similar properties to conventional petroleum products, so are potentially ca-

pable of being used in long-haul flights and the shipping industry (Sayre, 2010). Furthermore, 

biomass is the only renewable energy that could be produced on a commercial scale without 

having environmental penalty (Aresta et al., 2005). Flue gas can also be incorporated into the 

process as a way of recycling CO2 back into the system; however, it must be appropriately 

cooled to ensure no harm to the growing biomass occurs. By utilising the heat taken from 

samples, and using it in the drying out process of harvested biomass, ensures a reduction in 

the energy used therefore helping to reduce the overall costs of production. However, due to 

the presence of volatiles such as sulphates, flue gas may also cause harm to algal cultures, 

hindering  production  and  not  being  an  effective  way  to  reduce  CO2  volumes  in  the  at-

mosphere (Farrelly et al., 2013).

There are four steps to biofuel production; cultivation, harvesting, dewatering, and extraction 

before conversion to the final product can be achieved (Boruff et al., 2015). After lipids have 

been produced, the biomass needs to be harvested from the medium in which is has been cul-

tivated, before the biomass can be dried out and the extraction of lipids can occur. The bio-

mass must then be converted to the biofuels, before further processing takes place in order to 

reach the final product that can be used as an energy source (Sing et al., 2013).

Standard processes of lipid extraction include: solvent extraction, osmotic shock, ultrasonic 

extraction and critical point CO2. Hexane extraction is commonly used to extract the lipids, 
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which are then separated by distillation and osmotic shock, causing cells to explode and re-

lease the stored hydrocarbons. However, critical point CO2 appears to be the most effective 

approach  in  hydrocarbon  release  and  is  more  effective  for  commercial  scale  production 

(Packer, 2009). Once the lipids have been extracted, conversion to biofuels from biomass  can 

be achieved by:  gasification,  thermochemical  liquefaction,  pyrolysis,  direct  combustion or 

anaerobic digestion (Borowitzka and Moheimani, 2013). 

1.7 Carbon sequestration process, both natural and artificial

Although the use of renewable energies helps to reduce the amount of CO2 being released into 

the atmosphere, an effective way of removing the CO2 that is already in the atmosphere must 

also be considered. Carbon sequestration is the process of permanently removing CO2 and 

storing it indefinitely. It is usually a three-stage process whereby carbon is captured, trans-

ported, and then stored (Farrelly et al., 2013).

Processes of carbon sequestration which are currently being explored are geological storage, 

burial of biomass, fertilisation of the ocean or biochar production (Sayre, 2010). Geological 

storage as previously outlined in section 1.3, is a process that involves the injection of CO2 

into a deep, geological formation. Typically, CO2 is injected into old oil reservoirs, coal beds 

or saline formations (Packer, 2009; Farrelly et al., 2013). Injection is an unreliable method of 

carbon storage because the CO2 is not guaranteed to stay in the system over long timescales as 

leakage of these processes is not fully understood. There are also further potential problems 

concerning  earthquakes,  fractures  and  other  geological  processes  (Sayre,  2010).  Biochar, 

charcoal produced from plant matter, provides an alternative way of storing carbon and is a 

product that can safely be stored in soil for millions of years (Sayre, 2010). The production of 

biochar involves burning biomass in oxygen limited conditions (Lehmann and Joseph, 2015) 

and is a byproduct of the production of algal biofuels, therefore further aiding in the fight 

against climate change, whilst adding more value to the biomass being produced for biofuel 

production, helping to reduce the current financial drawbacks of biodiesel production (Chan et 

al., 2008). Direct industrial carbon sequestration can also be utilised in order to reduce atmos-

pheric CO2 volumes. Usually, CO2 is removed from flue gas by either absorption, membrane-

separation, desiccant adsorption or cryogenic separation (Farrelly et al., 2013). Further, but 

less common, processes of carbon capture and sequestration are highlighted within Fig. 1.6.

!10
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There are three recognised carbon capture procedures used today including: 

1) pre-combustion capture: reaction with oxygen to produce carbon monoxide 

2) oxyfuel combustion: pure oxygen to create carbon dioxide and water 

3) post-combustion capture: specific equipment that filters out the carbon dioxide (Thiru-

venkatachari et al., 2009). 

Monoethanolamine  (MEA)  scrubbing  is  another  effective  process  of  CO2  removal.  Mo-

noethanolamine solvent and a chemical absorber is used, which react to produce a salt. The 

solution is then reheated and the carbon dioxide is released (Stewart and Hessami, 2005; Alie 

et al., 2005). The MEA flows in the opposite direction to  the incoming CO2,  then the MEA 

can then be recycled and used for further clean-up projects (Stewart and Hessami, 2005).

As introduced in previous sections, biological carbon sequestration can be carried out by al-

gae, which utilises carbon from the atmosphere and the oceans, which is then be transported 

into a more permanent carbon storage route via the production of algal biomass. As previous-

ly mentioned in section 1.2, coccolithophorids are natural carbon sinks within oceans and ac-

cumulate within the deep sea ocean sediments (Young et al., 1999; Packer, 2009). 

!11

Fig.1.6 Summary of the different methods of carbon capture and sequestration. These process-
es are split into carbon capture, carbon sequestration and carbon bioremediation, however there are 
some overlaps between the differing processes.  These processes must be considered as potential 
ways of increasing CO2 drawdown.(Raeesossadati et al., 2015). 
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Calcium carbonate formation, in the form of extracellular coccoliths on these cells, produces 

CO2, which can then be utilised during photosynthesis, where it is ultimately stored as organic 

carbon (Shiraiwa, 2003; Klingthong et al., 2015). Currently, algae are only viable as a biore-

mediation process, not a sequestration and storage mechanism, in laboratory based settings 

(Raeesossadati et al., 2014). 

Algae are capable of utilising 10-50 times more CO2 from the atmosphere in comparison to 

higher plants, due to a higher volume of chlorophyll present and their large surface area/vol-

ume ratio (Raeesossadati et al., 2014). Fertilisation of the oceans promotes algal growth, and 

therefore more CO2 is capable of being sequestered by these organisms. However, for this 

process to be successful, there is a need for a carbon concentrating mechanism (CCM) within 

the algae. The need for a CCM, such as Ribulose-1,5-bisphosphate carboxylase/oxygenase 

(Rubisco), is required because less than 1% of DIC is found in the form of CO2 in seawater at 

a normal pH. Algae typically captures CO2 as bicarbonate, which is then transferred into the 

cell through the cell membrane and the chloroplast envelope, where it is then fixed by the 

CCM enzymes. It is also possible for HCO3 to be utilised by algal cells as a source of DIC as 

it is much more abundant in the seawater (Moheimani et al., 2012). To understand these car-

bon concentrating mechanisms and the utilisation of available forms of DIC by different algal 

species, “dirty” carbon experiments have been carried out in laboratories to help understand if 

CO2 can be utilised directly. 

These “dirty” carbon experiments are carried out, not only to understand carbon sequestration 

processes within algal cells, but to help promote higher growth rates within cultures (Dousko-

va et al., 2008). CO2 fixation is a direct result of light intensity and the cell density of an algae 

culture (Farrelly et al., 2013), with some algae therefore showing a preference towards these 

“dirty” carbon sources (Singh et al., 2011).  Flue gas contains much higher CO2 concentra-

tions in comparison to clean air (10-20%) as well as nitrates and sulphates which can also be 

utilised by the algae blooms, thus eliminating the nutrient limitation. By introducing flue gas, 

much denser cultures of algae (by up to 30%) are produced (Sayre, 2010 ; Packer, 2009); 

however,  the limitations to  the use of  flue gas,  as  previously mentioned,  can also hinder 

growth completely instead of promoting growth. 

1.8 Biofuels and carbon capture and sequestration: a symbiotic relationship 

As outlined in previous sections, the formation of biofuels from algae could be a tool to se-

quester carbon in a biorefinery approach. Furthermore, in the case of specific algal strains, 
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such as Pleurochrysis and Chrysoltila, which are being used within this project, have the abil-

ity to produce calcium carbonate scales, which can also be incorporated into environmental 

engineering processes in order to further combat the CO2 “problem”. Therefore, there are op-

portunities  to  explore  this  mutually  beneficial  relationship  which  could  combat  climate 

change by providing a solution to the ever increasing CO2 levels associated with modern day 

societies. 

1.9 Aims of the Project

Although there has already been a lot of research into the field of microalgal biofuel produc-

tion and their potential to sequester CO2, there remains a substantial amount of research to be 

undertaken before this process is applicable at scale of an economically acceptable cost. This 

project hopes to explore a few of the key issues including:

1) Exploring the use of coccolithophorid algae to simultaneously sequester carbon, by form-

ing calcium carbonate coated coccospheres, whilst producing lipids that can be utilised 

into the production of biodiesel. 

2) Selecting the optimal strains with desirable growth characteristics, that will enhance the 

processes of biofuel production and make the different stages of this process easier. This 

includes optimising the growth regime to ensure the highest  yield is  obtained,  whilst 

growing in such a way that makes harvesting potential easier in a biorefinery environ-

ment.

3) Assessing the lipid components of Pleurochrysis and Chrysoltila strains to understand if 

they are suitable for biofuel production, and exploring whether the addition of CO2 to 

growing cultures enhances the lipid profiles of  Pleurochrysis and Chrysoltila strains.

4) Understanding methods of coccolith removal, so this byproduct of algal biodiesel can be 

utilised appropriately in order to further reduce CO2 levels, by sequestering CO2 in the 

form of calcium carbonate. This has the potential to be applied in different environmental 

engineering processes sequester carbon.
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Chapter 2

Growth optimisation and strain selection 

2.1 Overview of coccolithophorid algae, with specific reference to the model species 

Pleurochrysis 

As previously introduced in Chapter 1, algal species are currently being researched in order to 

supply lipids for the renewable fuels industry, as well as playing an important role in global 

carbon fixation (Bach et al., 2013). However, not all algal species are capable of producing 

the appropriate lipids that can be utilised for successful biofuel production (Lee et al., 2012). 

Coccolithophorid  algae  are  particularly  interesting  as  they  produce  suitable  lipids  for 

biodiesel production, as well as having the additional advantage of producing extracellular 

calcium  carbonate  scales,  up  to  10%  of  their  dry  weight  (Moheimani,  2005),  that  can 

successfully lock up carbon (Moheimani and Borowitzka, 2006; Billard and Inouye, 2004). 

Pleurochrysis, Chrysotila and Emiliania huxleyi are generally accepted as the main species of 

coccolithophores to be considered for future experimentation, with further research into these 

specific algal strains being potentially important in the fight against climate change and the 

reduction of atmospheric CO2 levels.

Lohmann (1902) defined the term Coccolithophorid as being calcareous nanoplankton, that 

belonged to the division Haptophyta. They are unicellular, flagellate algae, that can be motile 

or non-motile (Moheimani and Borowitzka, 2011) and are not fully autotrophic (Moheimani 

et al., 2012). Coccolithophores have been found in the sedimentary record for 220 million 

years; however, early species evolved under extremely different conditions from those found 

in modern day environments (Brownlee et al., 2015). It is estimated that there are up to 200 

different  species  of  coccolithophorid  algae,  with  significant  biodiversity  being  witnessed 

between different species. Furthermore, coccolithophorids have a global distribution and can 

survive in a variety of different environments. The main species described in the scientific 

literature are Emiliania huxleyi, which is the model species for open ocean coccolithophores, 

and  Pleurochrysis,  the  model  species  for  coastal  zones  (Billard  and  Inouye,  2004). 

Pleurochrysis, one of the main strains being used within this study, is a member of the class 

Primnesiophyceae, division Chrysophycophyta, and is characterised by a central nucleus and 

an anterior golgi. It has two flagella and three distinct layers including the extracellular 
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coccosphere, which covers unmineralised scales that sit above columnar material next to the 

cell membrane (Duke and Montufar-solis, 2001). Strains of Pleurochrysis produce scales of 

calcium carbonate,  as well  as three types of acid polysaccharides (Barsanti  and Gualtieri, 

2014; Tsuji et al., 2015; Brownlee et al., 2015). The prominent stage is non-motile, and is 

found in predominantly sessile colonies. This species has both haploid and diploid life phases 

(Fig.  2.1),  with vegetative cells  producing vast  amounts of organic scales (Klaveness and 

Paasche,  1979).  The  diploid  is  the  coccolith  bearing  stage  (Leadbeater,  1970)  and  has  a 

benthic form, where a thick wall is composed of many mineralised scales (Green et al., 1996). 

2.2 Aims of chapter

• To assess  the  initial  strains  supplied  by  The Culture  Collection  of  Algae  and Protozoa 

(CCAP),  for  desirable  growth  characteristics,  to  select  the  optimal  strains  for  future 

experimentation.

• To optimise growing conditions for these selected cultures, including temperature and pH 

regimes and from the results obtained, select the best growers for future experimentation.

• To understand from initial growth experiments, the limitation of strains of Pleurochrysis  

and Chrysotila and how this will effect their suitability for future experiments .

15

Fig.  2.1  Diagram  describing  the  coccolith  bearing  stages  within  coccolithophorids 
lifecycle (Young and Henriksen, 2003).
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2.3 Materials and Methods

2.3.1 Original strains employed within the study

Twelve strains of coccolithophorid algae (Haptophyceae) were obtained from The Culture 

Collection  of  Algae  and  Protozoa  (CCAP).  Details  of  the  algae  used  in  this  study  are 

described below (Table 2.1). 

These  twelve  strains  were  then  observed  under  50x  magnification  in  order  to  asses  the 

morphological features, such as cell size and presence and completeness of coccospheres. 

[Anon3, 2015]
[Note: Chrysotila* was previously Pleurochrysis, renamed Sept 2016, based on Andersen et 
al., 2014]  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Table 2.1 Details of strains supplied by CCAP including medium grown in and 
isolation location 

Name CCAP strain 
number 

Medium Isolation Location

Pleurochrysis 
dentata

CCAP 904/1 F/2 (with artificial seawater) Unknown

Chrysotila*
pseudoroscoffensis

CCAP 912/1 F/2 (with artificial seawater) Marine- Millport

Chrysotila*
pseudoroscoffensis

CCAP 913/2 F/2 (with artificial seawater) Marine- English Channel

Chrysotila*
pseudoroscoffensis

CCAP 913/3 F/2 (with artificial seawater) Marine- English Channel

Chrysotila*
pseudoroscoffensis

CCAP 961/3 F/2 (with artificial seawater) Marine- Millport

Pleurochrysis sp. CCAP 944/4 F/2 (with artificial seawater) Marine- Dunbeg

Chrysotila*
carterae

CCAP 944/6 F/2 (with artificial seawater) Marine- English Channel

Chrysotila*
carterae

CCAP 961/2 F/2 (with artificial seawater) Marine- English Channel

Chrysotila*
carterae

CCAP 961/1 F/2 (with artificial seawater) Marine- Plymouth, 
Devon

Chrysotila*
carterae

CCAP 961/4 F/2 (with artificial seawater) Unknown

Chrysotila*
carterae

CCAP 961/5 F/2 (with artificial seawater) Marine- Port Erin, Isle of 
Man

Chrysotila*
carterae

CCAP 961/8 F/2 (with artificial seawater) Brackish- Pool at 
Dunstaffnage Castle 
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2.3.2 Culture conditions and medium preparation in initial growth monitoring experiments

Initial cultures were grown within 100ml of F/2 medium, in 250ml Fisherbrand glass flasks 

and employed a 20% v/v inoculum. These flasks were maintained by optimally subculturing 

every  two  weeks  to  ensure  cultures  were  started  with  optimal  cell  numbers,  whilst  also 

ensuring axenic conditions. Subculturing also employed a 20% v/v inoculum. Flasks were 

incubated in a 20℃, constant temperature room (CT room) and underwent a 12:12 day to 

night light regime. F/2 growth medium was prepared as in Table 2.2.

2.3.3 Growth monitoring procedures 

Initial cell counts on the strains selected for growth optimisation were determined using a 

Coulter Counter (CC), with 1ml samples of each strain being assessed every 48 hours, to 

quantify  the  number  of  cells  per  ml  within  the  growing cultures.  Growing cultures  were 

shaken  to  ensure  cells  were  spread  homogeneously  throughout  the  media  before  being 

transferred to eppendorfs using 1ml pipettes to allow consistent sampling volumes. To ensure 

cell counts were accurate, the eppendorfs containing the 1ml samples were vortexed before 

being placed into the CC sampler. During this study a Beckman Multisizer 3 Coulter Counter 

was used to analyse samples. 

The graphic data produced was then assessed in order to quantify the number of cells present 

ml-1  in  each  sample,  as  well  as  for  assessing  the  timing  and  quantifying  the  number  of 

coccoliths ml-1.

Triplicate flasks were sampled and the average cell  count of the three flasks was used to 

monitor the growth of each specific strain within the initial experiments. 

average cell count = (flask 1) + (flask 2) + (flask 3)
      3

The average cell size was also calculated and monitored when collecting growth data from the 

CC, which was then compared to the lipid yield per strain. This will be assessed further in 

chapter 4.  This data was read from the CC graphs as being the highest peak measured in the 

associated  cell  size  area  (10-20μm)  with  the  average  being  calculated  by  then  dividing 

between the three flasks sampled.

Specific growth rates μ (h-1) were calculated using the equation: 

μ (h-1) = ln(cells / initial cells)
days
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With the doubling time (DT) then being calculated by:

DT= ln(2)
        GR

Where GR is the growth rate from the previous equation μ (h-1).

Optical density of cultures was assessed using TN-100/T-100 Portable Turbidimeter. Samples 

were aseptically removed and placed in an assay to assess this light scattering technique. To 

ensure an accurate measurement, care was taken to clean the sample vial, to ensure that the 

vial was dry and free of smudges. The sample vial was then placed into the sample well, 

where it was covered with a light shield cap to allow an accurate reading to be obtained. 

Culture flasks were shaken first in order to create a more even suspension, as some of the 

cultures  growth  characteristics  caused  a  non-homogenous  distribution  of  cells  within  the 

medium.

Similarly, the pH of the growing cultures was measured every 24 hours with a pH meter, to 

assess the changes within pH of the medium during the cultures life cycle and how this might 

effect growth characteristics of individual strains. Again, cultures were shaken to ensure an 

even suspension of cells, with the pH meter being left for one minute to adjust to the new pH 

regime, thus ensuring an accurate reading. 

2.3.4 Further growth optimisation of Pleurochrysis and Chrysotila cultures 

Secondary  growth  experiments  were  conducted  in  order  to  assess  the  effect  of  differing 

temperatures, as well as the composition of the medium, and the effect which they had on 

growing cultures of Pleurochrysis and Chrysotila. 

Flasks  were  prepared  with  90ml  of  culture  medium and  grown both  in  F/2  with  natural 

seawater (NSW), as prepared in Table 2.3 and F/2 with ASW medium (Table 2.2). Both glass 

(Fisherbrand) and plastic (Fisherbrand) flasks were assessed in order to understand whether 

this effected the growth of cultures or whether it another environmental factor such as light 

cycle or nutrient levels that was resulting in growth limitation. All of the cultures employed a 

20% v/v inoculum, were incubated at 20℃ and stored in a 12:12 day to night light regimes, in 

the  same constant  temperature  room as  initial  growth  experiments  to  allow results  to  be 

accurately compared. Cell numbers were monitored using a Neubauer hemocytometer, with a 

samples  being  assessed  every  48  hours  to  allow  direct  comparison  to  initial  growth 

experiments. To allow samples to be accurately counted, cultures were again shaken to allow  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an even distribution of cells before samples were taken and counted on the hemocytometer.  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Table 2.2 F/2 artificial seawater (ASW) medium recipe

Stock Solutions

1) Instant Ocean (per litre) 33.5g

2) Nitrate/Phosphate 100x stock (1 
litre)

NaNO3 7.5g

NaH2PO42H2O 0.565g

dissolve in 1L Elga water and autoclave

3) Trace element 1000x stock 
    (1 litre)

NaEDTA 4.16g

FeCl36H2O 3.15g

CuSO47H2O 0.01g

ZnSO47H2O 0.022g

CoCl26H2O 0.01g

MnCl24H20 0.18g

Na2MoO42H2O 0.006g

dissolve in 1L Elga water and autoclave

4) 1M Tris (ph not adjusted) dissolve 121.1g in 1L Elga water and autoclave

5) Vitamin Mix A 10,000x stock    
    (1 litre)

cyanocobalamin 0.005g

biotin 0.005g

dissolve in 1L Elga water and filter sterilise (store 
frozen)

6) Vitamin mix B 1000x stock  
    (100ml)

Thiamin-HCl (Vit B1) 0.010g

dissolve in 100ml Elga water and filter sterilise 
(store frozen) 

Method 1) dissolve 33.5g instant ocean in Elga water
2) add 10ml 100x nitrate/phosphate stock
3) add 1ml 1000x trace element stock
4) add 1ml tris stock
5) pH to 7
6) adjust to 1 litre with Elga water
7) autoclave and cool
8) add 0.1ml vitamin mix A 10,000 stock
9) add 1ml vitamin mix B 1000x stock

[F/2 medium recipe, Guillard and Ryther, (1962)].
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Final growth optimisation experiments were conducted in 250ml glass Fisherbrand flasks, 

with  100ml  of  F/2  with  ASW medium as  prepared  in  Table  2.2  being  used.  A 20% v/v 

inoculum was employed before these flasks were incubated at 25℃ in a smaller incubator  

(New Brunswick Innova 44R Shaker), to assess the effect that temperature has on cultures. 

These flasks were also incubated in a 12:12 day to night light cycle. The 25℃ temperature 

growth experiment was counted by the CC in order to give a direct comparison to initial 

growth  experimentation,  with  1ml  of  sample  being  assessed  every  48  hours  in  the  same 

process described previously (section 2.3.3).

[Anon3, 2015]  

20

Table 2.3 F/2 natural seawater (NSW) media recipe 

Stock Solutions 

1) NaNO3 dissolve in 1L Elga water and autoclave 75g

2) NaH2PO4.2H2O dissolve in 1L Elga water and autoclave 5.65g

3) Trace elements Na2EDTA 4.16g

FeCl36H2O 3.15g

CuSO47H2O 0.01g

ZnSO47H2O 0.022g

CoCl26H2O 0.01g

MnCl24H20 0.18g

Na2MoO42H2O 0.006g

dissolve in 1L Elga water and autoclave

4) Vitamin mix cyanocobalamin 0.0005g

biotin 0.1g

Thiamin-HCl (Vit B1) 0.0005g

dissolve in 1L Elga water and filter sterilise 
(store frozen)

Method 1) 900ml filtered natural seawater
2) add 1ml NaNo3 stock
3) add 1ml NaH2PO4.2H2O
4) add 1ml trace element stock
5) add 1ml vitamin mix stock
6) make up to 1 litre using filtered natural seawater
7) adjust to pH 8
8) leave for 24 hours to allow CO2 regeneration 
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2.4 Results

2.4.1 Strain selection for future experimentation 

From the initial  twelve strains provided by CCAP, only seven strains were selected to be 

cultured for future experiments. The reduction in the number of strains was due to the lack of 

coccoliths  on  five  strains  provided  by  CCAP,  thus  making  them unsuitable  for  coccolith 

removal  and  carbon  sequestration  procedures  described  in  chapter  3.  The  absence  of 

coccoliths was determined from initial microscope observations, meaning P. dentata CCAP 

904/1,  C.  pseudoroscoffensis  CCAP  912/2,  C.  pseudoroscoffensis  CCAP  913/2,  C. 

pseudoroscoffensis CCAP 913/3 and C. pseudoroscoffensis CCAP 961/3 were all excluded 

from future growth optimisation experiments (Fig. 2.2).  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Fig. 2.2 Morphological features of the strains provided by CCAP, observed by microscopy. 
Arrows indicate  the presence of  coccoliths  on,  or  around cells.  If  coccoliths  are  present  on the 
coccopshere, there is distinct white or “smudging” to the edges of cells (CCAP 944/6, CCAP 961/2).  
Cells that do not have coccoliths present have a “clean”and smooth appearance on the cell walls. 
Similarly growth characteristics can be anticipated from these initial observation, with those strains 
more likely to grow in clumps being easy to identify (CCAP 961/2). These strains show collections 
of free coccoliths gathering around cells (as indicated by arrows), as well as coccoliths being present 
on the coccosphere (CCAP 944/4 AND CCAP 961/1).
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Fig.  2.2  continued.  Morphological  features  of  the  strains  provided by  CCAP,  observed by 
microscopy. Arrows indicate the presence of coccoliths on, or around cells. If coccoliths are present 
on the coccopshere, there is distinct white or “smudging” to the edges of cells (CCAP 961/8),).  
Cells that do not have coccoliths present have a “clean”and smooth appearance on the cell walls. 
(CCAP 904/1,  CCAP 912/1,  CCAP 913/2,  CCAP 913/3).Similarly growth characteristics can be 
anticipated from these initial observation, with those strains more likely to grow in clumps being 
easy  to  identify  (CCAP 961/4,  CCAP 961/5).  These  strains  show collections  of  free  coccoliths 
gathering  around  cells  (as  indicated  by  arrows),  as  well  as  coccoliths  being  present  on  the 
coccosphere (CCAP 961/4AND CCAP 961/5).
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From the growth data collected in the initial  growth monitoring experiments described in 

section 2.3.2, it was observed  that there were four strains that grew consistently and produced 

high cell densities over the 18 day period in which cultures were monitored (Fig. 2.3). This is 

important for producing high biomass amounts, and related lipids which will be discussed in 

chapter 4. The four most consistent strains with the highest cell numbers, all reaching higher 

than  1x106  cells  ml-1,  were  selected  for  the  remaining  growth  optimisation  experiments 

described in section 2.3. These included Pleurochrysis sp. CCAP 944/4, C. carterae CCAP 

961/2, C. carterae CCAP 961/5, C. carterae CCAP 961/1. Initial growth experiments were 

sampled over a period of around four weeks; however, the cultures did not appear to reach 

stationary phase during this time. During the initial growth monitoring, all cultures that were 

being monitored appeared to “crash” at day 12, before recovering in day 14. There was no 

observations made in order to explain these changes as cultures remained healthy throughout. 

Potentially this could be a sampling error due to cells becoming sticky and clumping due to 

coccolith production (Fig. 2.3).

The initial culturing conditions of 20℃, with a 12:12 day to night light regime, grown in 

250ml Fisherbrand glass flasks, in ASW F/2 medium and inoculated with 20% v/v starting 

culture  appeared  to  be  successful  conditions  for  all  four  of  these  strains;  however,  the 

published data  suggested that  the lifecycle  of  these strains  could be shortened.  Therefore 

further growth optimisation was carried out (Moheimani and Borowitzka, 2006).  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Fig. 2.3 Cell growth monitoring from initial growth experiments. Average cell abundances have 
been calculated from triplicate flask data to account for errors in data sampling. Samples taken over 
18  days  show cultures  all  all  still  in  exponential  phase,  with  no  evidence  of  cultures  reaching 
stationary phase within this time. Day 12 can possibly be attributed the malfunction of the coulter 
counter. The four cultures with the high cells numbers were all consistently the highest from the 
initial growth monitoring procedures.
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During this initial growth monitoring experiment, cell size was also assessed for the various 

strains  of  Pleurochrysis  and Chrysotila  from the  available  CC data.  The most  successful 

strains from Fig 2.3 were observed to have much smaller cell sizes compared to the slowest 

growers from CC data. C. carterae CCAP 961/5 had initially the highest cell counts within 

growth  optimisation  experiments;  however,  it  had  the  smallest  cell  by  roughly  1.5μm 

compared to the most unsuccessful grower, C. carterae  CCAP 961/8. Both strains are the 

same species, Chrysotila carterae; however, there were large differences between their size 

and growth regimes, possibly associated with their isolation location. Similarly, C. carterae 

CCAP 961/2, C. carterae CCAP 961/1 and Pleurochrysis sp. CCAP 944/4 all had some of the 

smaller cell sizes observed from all seven strains studied, thus this trend was important for the 

selection of strains for future experimentation. Although smaller cells appeared to equate to 

successful growth within a culture, the smaller cells may potentially contain less lipid content 

when  assessing  the  biofuel  potential,  they  may  actually  result  in  more  biomass  being 

produced due to the higher cell  abundances ml-1.  The differences in cell  size between all 

seven strains used within this study are displayed in Fig. 2.4. 
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Fig. 2.4 Cell  size of different strains of Pleurochrysis and Chrysotila.  Samples were 
taken from each flask with the average cell size being calculated from these three samples. 
CCAP 961/8 was observed to have the largest cell size on average, but from initial growth 
observations it had the lowest cell numbers on average. Conversely, CCAP 944/4 had the 
second smallest cell size on average, yet it was the most successful grower in the initial 
growth optimisation experiments. 
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2.4.2 Growth optimisation of selected strains 

Although the four strains that were selected for further experimentation displayed the best cell 

densities,  growth  rates  and  doubling  times  (Table  2.4),  further  growth  optimisation  was 

undertaken in order to shorten the life cycle and understand the optimal growing conditions 

for each strain to ensure the highest output of biomass from each culture.  

From secondary growth optimisation experiments, outlined in section 2.3.4, it was clear that 

the medium was not  specifically the reason for  the long life  cycles  observed in previous 

growth monitoring, as the natural seawater (NSW) medium results were comparable to those 

cultures in the artificial seawater (ASW) medium (data not shown). 

By changing the medium, there was an initial change in the starting pH; however, over the 

course  of  each  strains  lifecycle,  the  pH of  the  medium demonstrated  an  overall  increase 

possibly attributed to coccolith production and the removal of CO2, thus bringing the pH up to 

pH 8 and above for each strain respectively (Fig. 2.5). Within the first three days of growth 

there was the biggest pH increase, before the pH of cultures remained consistent throughout 

exponential growth phase before decreasing as cultures entered stationary. A similar trend was 

also observed in the cultures grown in the natural sea water (data not shown), however there 

was less of an increase between the initial pH and the pH during the different life stages. 

These pH changes occurred even with the presence of a Tris buffer.

25

Table 2.4 Growth rates and doubling times of four selected strains of Pleurochrysis and Chrysotila 
cultured under different growth regimes

Growth monitoring (20℃) Growth monitoring (25℃) 

strain growth rate µ (hr-1) doubling time (days) 
(Td)

growth rate µ 
(hr-1)

doubling time (days)
(Td)

Pleurochrysis sp. 
CCAP 944/4

0.0086 (± 0.00095) 3.3 (± 0.4) 0.00979 (± 0.003) 3 (± 1.1)

C. carterae 
CCAP 961/2

0.0141 (± 0.0034) 2 (± 1.1) 0.00971 (± 
0.0026)

3 (± 0.75)

C. carterae 
CCAP 961/1

0.0123 (± 0.0017) 2.3 (± 0.5) 0.00932 3

C. carterae 
CCAP 961/5

0.00982 
(± 0.0006)

2.9 (± 0.2) 0.00405 (± 
0.0005)

7 (± 0.85)

[Footnote: calculated from growth rate data displayed in Fig. 2.3 and data from 25℃ (data not shown)]
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Furthermore, competition was not an issue within the starting cultures as the 10% inoculum 

only  slowed  down the  growth  process  further  compared  to  20% v/v  inoculum (data  not 

shown). Inoculum levels were standardised at 20% v/v for future starting cultures, ensuring 

optimal  cells  numbers sustainable cultures.  Observations from the glass  flasks showed an 

improved culture quality compared to plastic flasks and ensured optimal growth conditions, 

(data not shown). The plastic flasks caused cultures to stick to the sides, thus limiting growth. 

Therefore, as growth of all four strains was not improving under the different conditions that 

were altered in these experiments,  the temperature was then the only remaining factor  to 

investigate. By altering the temperature to 25℃ the strains responded by initially reducing 

their growth rate, and showed a doubling time between 3-7 days for each strain respectively 

(Table  2.4).  This  then  slowed  in  the  later  stages  of  each  strains  lifecycle,  therefore 

demonstrating that 20℃ was the optimal growth temperature. All other culturing conditions 

remained the same as those described in section 2.3.2.

2.4.3 Growth characteristics of Pleurochrysis and Chrysotila algae

The growth characteristics varied between the four selected strains that were subjected to 

growth optimisation. Pleurochrysis sp. CCAP 944/4 was the most active culture, with obvious 

suspended cells within the flasks (Fig. 2.6a, Fig 2.6b). C. carterae CCAP 961/2 (Fig. 2.6a, Fig 

2.6b) and C. carterae CCAP 961/1 (Fig. 2.6a, Fig 2.6b) also displayed a similar growth style 

to Pleurochrysis sp. CCAP 944/4 within the early growth optimisation experiments. As  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Fig. 2.5 pH changes in cultures of  Pleurochrysis  and Chrysotila. Initial pH rise at the 
beginning can be attributed to the cultures beginning to grow and producing coccoliths on 
their cells. During the exponential phase, all strains display a relatively stable pH regime, 
before pH in all  cultures falls as exponential growth phase ends and stationary phase is 
reached. After this point, pH remains constant in all strains. 
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experiments  progressed,  C.  carterae  CCAP 961/2  began  to  grow in  small  clumps  at  the 

bottom of the flasks, possibly altering to its natural growing style, as it progressed through its 

life cycle and adjusted to non-storage conditions. C. carterae CCAP 961/1 also followed a 

similar trend of clumping, before growth halted due to a contaminated culture.  However, C. 

carterae CCAP 961/5 (Fig. 2.6a, Fig 2.6b) grew in clumps at the bottoms of the flasks in all 

initial experiments, before switching to the more common growth style, then reverting back to 

clumps when changed to the 25℃  temperature regime.  

27

Fig.  2.6a  Growth  characteristics  of  Pleurochrysis  and  Chrysotila.  Pleurochrysis  sp. 
CCAP 944/4, C. carterae CCAP 961/2, C. carterae CCAP 961/1 and C. carterae  CCAP 
961/5 were all cultured under the same  growth regime (20℃  with a 20% v/v inoculum, 
grown in glass with ASW medium. During these initial growth experiments, Pleurochrysis 
sp. CCAP 944/4, C. carterae CCAP 961/2 and C. carterae CCAP 961/1 were all observed to 
grow with the cells suspended evenly within the medium. C. carterae  CCAP 961/5 was the 
only strain to grow in distinctive clumping (as indicated by the red arrow) at the bottom of 
the flask, meaning accurate growth counts were difficult to obtain for this specific strain. 
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2.4.4 Cell number vs Optical density

Although growth characteristics varied throughout the strains, the optical density was closely 

linked to cell numbers in each of the four strains. Once cultures had been shaken to ensure an 

even  distribution  of  cells  throughout  the  medium,  samples  showed  a  liner  relationship 

between the cells numbers and the optical density. Although C. carterae  CCAP 961/5 grew in 

clumps at  the bottom of flasks as seen in Fig.  2.5,  this strain has the closest  relationship 

between cell number and optical density. From this process it is possible to get an indication 

of where the cultures are within their life cycle, although it is not an accurate tool due to the 

differing growth characteristics and the potential for the coccoliths to scatter light (Fig. 2.7).  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Fig. 2.6b Growth characteristics of Pleurochrysis and Chrysotila. Pleurochrysis sp. CCAP 944/4, 
C. carterae CCAP 961/2, C. carterae CCAP 961/1 and C. carterae  CCAP 961/5 cultured under a 
different growth regime to that previously described (Fig 2.6a). (25℃ with a 20% v/v inoculum, 
grown in  glass  with  NSW medium.  During these  growth experiments,  Pleurochrysis  sp.  CCAP 
944/4, and C. carterae CCAP 961/1 were observed to grow with the cells suspended evenly within 
the medium. C. carterae  CCAP 961/5 and C. carterae CCAP 961/2 grew in distinctive clumping (as 
indicated by the red arrow)
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2.4.5 Summary of characteristics of Pleurochrysis and Chrysotila and their suitability for 

future experiments

Qualities of algal strains based on the growth monitoring and optimisation experiments in the 

previous sections were all assessed in order to select which strains out of the twelve provided 

would be suitable for future experimentation. Table 2.5 summaries the main data utilised to 

narrow down these strains provided by CCAP. 
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Fig 2.7 Optical density vs cell count of growing cultures. Pleurochrysis sp. CCAP 944/4 displays 
a linear relationship between the cell numbers and the optical density, a trend which can also be 
observed in C. carterae CCAP 961/2. With C. carterae CCAP 961/1 and C. carterae  CCAP 961/5 
both displaying a more logarithmic relationship. Due to large variations in the number of cells in 
each strains samples, graphs are difficult to compare. 
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[strains highlighted in blue were the final strains selected for further experimentation 
described  in subsequent chapters]  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Table 2.5 Summary of growth characteristics used to narrow down strains for future 
experiments 

Name strain medium location presence 
of 
coccoliths 

growth 
rate µ 
(hr-1)
(± 0.0029)

doubling 
time (days) 
(Td) (± 
22.7)

cell size 
(microns)
(± 0.7)

growth 
characteristics

biomass (g, 
L-1)

Pleurochrysi
s dentata

CCAP 
904/1

F/2 (with 
artificial 
seawater
)

Unknown No no data no data unknown grows in 
clumps

no data

Chrysotila*
pseudoroscof
fensis

CCAP 
912/1

F/2 (with 
artificial 
seawater
)

Marine- 
Millport

No no data no data unknown grows 
suspended in 
medium

no data

Chrysotila* 
pseudoroscof
fensis

CCAP 
913/2

F/2 (with 
artificial 
seawater
)

Marine- 
English 
Channel

No no data no data unknown grows 
suspended in 
medium

no data

Chrysotila*
pseudoroscof
fensis

CCAP 
913/3

F/2 (with 
artificial 
seawater
)

Marine- 
English 
Channel

No no data no data unknown grows 
suspended in 
medium

no data

Chrysotila*
pseudoroscof
fensis

CCAP 
961/3

F/2 (with 
artificial 
seawater
)

Marine- 
Millport

No no data no data unknown grows 
suspended in 
medium

no data

Pleurochrysi
s sp.

CCAP 
944/4

F/2 (with 
artificial 
seawater
)

Marine- 
Dunbeg

Yes 0.0086 3.3 11.7 grows 
suspended in 
medium

2.44x10-1

Chrysotila *
carterae

CCAP 
944/6

F/2 (with 
artificial 
seawater
)

Marine- 
English 
Channel

Yes 0.01 2.7 12.5 grows 
suspended in 
medium

2.42x10-1

Chrysotila* 
carterae

CCAP 
961/2

F/2 (with 
artificial 
seawater
)

Marine- 
English 
Channel

Yes 0.0141 2 12.1 grows 
suspended in 
medium

2.28x10-1

Chrysotila* 
carterae

CCAP 
961/1

F/2 (with 
artificial 
seawater
)

Marine- 
Plymouth, 
Devon

Yes 0.0123 2.3 12.5 grows 
suspended in 
medium

2.29x10-1

Chrysotila* 
carterae

CCAP 
961/4

F/2 (with 
artificial 
seawater
)

Unknown Few 0.0138 2 11.8 grows in 
clumps

2.28x10-1

Chrysotila* 
carterae

CCAP 
961/5

F/2 (with 
artificial 
seawater
)

Marine- Port 
Erin, Isle of 
Man

Yes 0.00982 2.9 11.7 grows in 
clumps

2.33x10-1

Chrysotila* 
carterae

CCAP 
961/8

F/2 (with 
artificial 
seawater
)

Brackish- 
Pool at 
Dunstaffnag
e Castle 

Yes 0.00614 4.7 13.6 grows in 
clumps

0.6x10-1
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2.5 Discussion 

As five of the initial  strains supplied did not have coccoliths present on the cells,  it  was 

important to understand why this was possible, as these algal species are specifically defined 

by their distinctive coccospheres of calcium carbonate scales. Potential explanations for the 

lack of coccoliths was due to extreme subculturing, stress within the culture, poor adaption to 

storage conditions,  or  the  cultures  being kept  within  laboratory storage conditions  for  an 

extended period of time. In the case of the strains used within this project, it is most likely that 

the latter explanation is the most likely to explain the lack of coccoliths within strains P. 

dentata  CCAP 904/1,  C.  pseudoroscoffensis  CCAP 912/2,  C.  pseudoroscoffensis  CCAP 

913/2, C. pseudoroscoffensis CCAP 913/3 and C. pseudoroscoffensis  CCAP 961/3. The date 

of isolation for these strains dates between pre 1952 to 1962 (Anon3, 2015) demonstrating that 

these specific strains had been in storage for an extended period of time. Within these extreme 

and artificial storage environments, it is possible for cells to lose important morphological, as 

well  as  physiological  features  (Friedl  and  Day,  2005).  This  limits  the  potential  for 

understanding  and  optimising  the  production  of  lipids,  as  well  as  carrying  out  carbon 

sequestration experiments, as not all strains could be assessed completely.

However, from the data collected on the strains that had coccoliths present (section 2.4.1) it 

was apparent that these strains grew better in the artificial sea water medium, showing that 

artificial conditions did not always have a negative effect on the growth of these strains. The 

main  reason  for  favouring  artificial  seawater  based  media  over  natural  seawater,  was  to 

overcome the seasonal variations of nutrients that fluctuate within natural seawater. By using 

the ASW medium, it was ensured that culture conditions were keep constant at all times of the 

year.  This  allowed the strains  to  adapt  to  their  environment  and grow more successfully, 

aiding to the application of growing these strains under laboratory conditions, and eventually 

in a biorefinery approach, in order to produce biofuels or as a bioremediation scheme for CO2 

sequestration. Furthermore, both types of media have certain limitations on nutrients (Berges 

et  al.,  2001),  however;  in  this  case  it  is  possible  that  the  nutrient  levels  in  the  artificial 

seawater  recipe  were  more  suited  to  the  optimal  amounts  for  successful  coccolithophore 

formation. Similarly, it is possible that the lower starting pH of the ASW medium allows the 

coccolith formation to actively raise the pH of the medium to the optimal conditions for 

growth.

It is also possible that the higher inoculum could be beneficial within these cultures, as the 

larger cell size means an overall smaller cell count at the end of the growth period, therefore 

more cells at the start of experiments could increase the overall cell count and therefore result  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in more biomass being produced compared to other algal strains. Further data collected within 

this study agrees with the published data on growth conditions for these specific algal species. 

Moheimani and Borowitzka, (2006) reported that optimal growth temperatures was between 

15-19℃  (Table  2.6);  however,  Pleurochrysis  and  Chrysotila  had  the  ability  to  grow 

effectively  up  to  temperatures  of  around  28℃  and  as  low  as  4℃  (Moheimani  and 

Borowitzka, 2006) with these temperature extremes resulting in slower growth compared to 

the optimal temperature. From the data collected within this study, it has been demonstrated 

that 20℃ is the optimal temperature for growth for the strains selected, as higher than 20℃ is 

usually unsuitable for stock cultures (Friedl and Day, 2005).

[Footnote: Total dry weight of biomass and peak production months have been highlighted.]

The change in growth of the cultures or the lack of growth, could be attributed to the either 

the  amount  of  inoculum used,  the  media  in  which  is  was  introduced  to,  the  incubation 

conditions or contaminations (Friedl and Day, 2005). However Zhou et al., (2012), reported 

that  Pleurochrysis  cells  within  a  photobioreactor  displayed  the  same  alteration  from 

suspended swimming cells to more aggregated clumps after a four day time period. This also 

resulted in difficulty counting cells under the microscope, therefore resulting in inaccurate 

counts. This further supports the reasoning for undertaking future growth monitoring counts 

using the CC as outlined in section 2.4.5. This change in the growing regime can then be 

attributed to a natural growing process, or at least as previously reported, of Pleurochrysis 

strains described in section 2.4.3.  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Table 2.6 The temperature range and growth rates of Pleurochrysis Carterae (CCMP 
371) in outdoor raceway ponds (Moheimani and Borowitzka, 2006)
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Similarly, the observed pH changes are also consistent with the published data. Although most 

changes  of  pH within  a  growing  culture  can  be  attributed  to  an  unsuitable  buffer  being 

selected  within  the  medium (Friedl  and  Day,  2005),  in  the  case  of  Pleurochrysis,  it  can 

usually be attributed to the formation and progression of coccoliths throughout their lifecycle. 

The rapid rise in pH during the exponential phase has been observed in previous experiments, 

as  well  at  the  decline  once  the  cultures  have  reached  stationary  phase  (Moheimani  and 

Borowitzka, 2011). The pH reported by Moheimani and Borowitzka, (2006), in an outdoor 

raceway pond,   peaked between 9.5 and 11,  with alterations between morning and night, 

however these experiments lacked the presence of a Tris buffer within the medium.

Unfortunately coccolithophorids  are  known to be light  sensitive,  therefore they can show 

decreases in cell numbers with continuous, or high light regimes. Therefore the best regimes 

suited for these species are 12:12 and16:8 hours (day:night) respectively. 

Culturing must be carried out close to the end of exponential growth phase to ensure healthy 

and successful  cultures,  therefore growth monitoring is  essential  for  creating a successful 

starting point for future experimentation. From the growth monitoring undertaken, a greater 

understanding of the optimal growth conditions that these strains of Pleurochrysis can be 

cultured underway obtained. 

2.6 Final strains selected for further experimentation and the optimal growth conditions

Only  four  of  the  seven  stains  were  selected  for  further  experimentation  which  were 

Pleurochrysis sp. CCAP 944/4, C. carterae CCAP 961/2, C. carterae, CCAP 961/1 and C. 

carterae CCAP 961/5. These strains were selected on the basis of:

1. Reliable  growth  rates,  with  low  doubling  times  and  high  cell  densities  that  will  be 

effective in achieving high yields of biomass for lipid extraction. The higher the biomass 

available, the greater the production of lipids that can be utilised into biofuel production, 

meaning that the process becomes more economically valuable. Pleurochrysis sp. CCAP 

944/4, C. carterae CCAP 961/2, C. carterae, CCAP 961/1 and C. carterae CCAP 951/5 

have  been  demonstrated  to  have  the  optimal  rates  for  effective  production  in  future 

experiments.

2. Desirable growth characteristics to ensure easy harvest potential, which will again reduce 

the costs within biofuel production systems. Pleurochrysis sp. CCAP 944/4, C. carterae 

CCAP 961/2, C. carterae, CCAP 961/1 and C. carterae CCAP 951/5 both displayed.

3. Different  growth  characteristics,  with  Pleurochrysis  sp.  CCAP  944/4  growing  in  a 

homogenous suspension and C. carterae CCAP 961/2, C. carterae, CCAP 961/1 C.  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4. carterae CCAP 951/5 growing in  clumps.  These clumping strains  may potentially  be 

more economically viable as the clumping of cells ensures easier harvesting potential due 

to sedimentation of coccoliths within a biorefinery system. 

5. The presence of coccoliths on all strains, meaning they can also be applied to carbon 

sequestration  processes,  and  effectively  store  more  carbon  than  cells  that  do  show a 

calcium carbonate coating. The production of these scales also ensures a byproduct that 

can help cover the costs of biofuel production

6. Both cultures were healthy and easy to maintain, thus ensuring consistency in the quality 

of the biomass being produced. Strains Pleurochrysis sp. CCAP 944/4 and C. carterae 

CCAP  951/5  were  then  subjected  to  experimentations  to  understand  coccolith 

morphology and removal as well as lipid analysis, which will be described in subsequent 

chapters. 

To  ensure  optimal  growth  regimes  for  future  experimentation,  cultures  should  be  grown 

within  100ml  of  F/2  medium,  in  250ml  Fisherbrand  glass  flasks  and  employ  a  20% v/v 

inoculum (This can be scaled up appropriately if needed on a larger scale). Flasks should be 

maintained by optimally subculturing every two weeks to ensure cultures are started with 

optimal cell numbers, whilst also ensuring axenic conditions. Again, subculturing should also 

employ a 20% v/v inoculum. Flasks should be incubated in a 20℃ 12:12 day to night light 

regime and be   grown in  F/2  growth medium (as  described in  Table  2.2).  To accurately 

monitor growth, samples should be ran through a coulter counter with 1ml samples of each 

strain  being  assessed  every  48  hours,  to  quantify  the  number  of  cells  per  ml  within  the 

growing  cultures.  Growing  cultures  should  be  shaken  to  ensure  cells  are  spread 

homogeneously  throughout  the  media,  before  being  transferred  to  eppendorfs  using  1ml 

pipettes  to  allow  consistent  sampling  volumes.  To  ensure  cell  counts  are  accurate,  the 

eppendorfs containing the 1ml samples should be vortexed before being placed into the CC 

sampler. This method of monitoring growth is the most effective compared to both optical 

density and using the Neubauer hemocytometer as some of the strains growth characteristics 

(C. carterae CCAP 961/2 and C. carterae CCAP 951/5) grew in clumps, therefore inaccurate 

counts were obtained using these methods. The coulter counter ensured that these specific 

strains were in a more homogenous state before being sampled and counted, therefore giving 

more accurate results on the cell numbers ml-1. It would also be recommended that future 

research into understand the optimal  growth conditions of  these selected strains could be 

undertaken, to ensure the optimal amount of biomass is being produced by each strains. 
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Chapter 3

Coccolith production, morphology and potential for carbon capture

3.1 Introducing coccolith production in coccolithophorid algae

This chapter focuses on the production, morphology and removal of coccoliths from strains of 

Pleurochrysis  and  Chrysotila,  with  the  objective  being  to  gain  an  understanding  of 

environmental stimuli that will promote coccolith detachment for environmental engineering 

purposes. Coccolith generation originates from the Golgi derived vesicles, with calcification 

nucleating around a ring of simple crystals as illustrated in Fig. 3.1 (Barsanti and Gualtieri, 

2014). Mature coccoliths are secreted during a single exocytic event from an intracellular 

compartment (Brownlee at al., 2015). Scales are present as an extracellular coccosphere, that 

acts as an effective exoskeleton for these organisms (Young et al., 1999). Coccoliths have a 

variety of shapes and sizes depending on the strain or taxa in question (Hawkins et al., 2011) 

and usually display distinct imbrication, or layering (Fresnel and Billard, 1991; Rowson et al., 

1986).  The  precipitation  of  these  scales  depends  on  four  variables:  the  calcium  ion 

concentration,  the concentration of  inorganic carbon,  the pH and the number of  available 

nucleation  sites.  Carbon  is  fixed  within  coccolithophorid  algae  via  photosynthesis  and 

intracellular calcification (Moheimani et al., 2012).  A direct link between photosynthesis and 

calcification has not been identified; however, calcification is aided by the presence of light, 

which is also needed for photosynthesis (Sikes et al., 1980).  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Fig. 3.1 The different stages of the internal formation of a singular coccolith and its journey to the 
external coccosphere (Young and Henriksen, 2003). Coccoliths are initially formed within the Golgi vesicles, 
before the vesicle becomes dilated as the coccoliths form. This  is  then pushed outwards through the cell 
membrane where growth terminates. Coccoliths then coat the cell membrane.
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Coccoliths can be classed as either hetrococcoliths,  or  holococcoliths.  Hetrococcoliths are 

composed of larger, more complex calcite crystals and undergo a different biomineralistion 

process  compared  to  their  counterparts.  Firstly,  an  organic  scale  is  produced,  before 

nucleation of the calcite crystals occurs around the edge. (Young et al., 1999). The size of the 

coccoliths  present  on  strains  may  also  be  dependent  on  environmental  factors  such  as 

temperature (Watabe and Wilbur,  1966). It  has been estimated that coccolithophorid algae 

produce up to 1/3 of all the calcium carbonate globally (Moheimani et al.,  2011) and are 

capable of sequestering inorganic carbon faster than photosynthesis (Anninga et al., 1996). 

Coccoliths are produced when base plates and acidic polysaccharides are synthesised in the 

presence of Ca2+. The Ca2+ is absorbed into cells from the medium, during the process of 

calcification, thus releasing CO2 when each coccolith is produced (Marsh, 2003). Coccolith 

growth  is  therefore  dependant  on  the  availability  of  Ca2+ and  dissolved  inorganic  carbon 

(DIC) being present within the external medium, whether grown in the laboratory or in the 

ocean (Brownlee et al., 2015). Both Ca2+ and DIC must occur at high levels within the cell 

membrane  to  allow  the  formation  of  coccoliths  within  the  intracellular  biomineralistion 

compartment (Mackinder et al., 2011). From previous studies, it is known that Pleurochrysis 

displays greater calcification potential under nitrogen limitation, with highest densities under 

non-bloom  conditions  occurring  in  nutrient  limiting  conditions  (Corstjens  and  Gonzalez, 

2004), a theory which will be further tested in this study. However, Pleurochrysis is known to 

not  carry  out  calcification  without  undergoing  photosynthesis  (Sorrosa  et  al.,  2005),  thus 

drawing down more CO2 from the atmosphere. 

There is evidence to suggest CO2 input into Pleurochrysis cultures improves both biomass 

and  coccolith  production  (Moheimani  and  Borowitzka,  2011),  further  supporting  why 

Pleurochrysis is being subjected to experimentation in this study. In nature, Pleurochrysis is 

mainly found in coastal  zones meaning it  has a less widespread geographical  distribution 

compared the other model species E. huxleyi; furthermore, it is a successful species when 

cultivated  in  laboratory  conditions  (Zhou  et  al.,  2016).  These  algal  species  have  the  to 

potential to produce a new scale every 1-2 minutes (Barsanti and Gualtieri, 2014). At the end 

stage of blooms, Emiliania huxleyi will shed their coccoliths on extremely large scales (Witty, 

2011),  with  the  inorganic  carbon  material  being  transported  to  the  deep  ocean,  where  it 

accumulates as deep sea sediments. This is also the case for Pleurochrysis, only on a much 

smaller scale due to its coastal  distribution. The process of supplying inorganic carbon to the 

deep ocean, as highlighted in section 1.2, is important as it directly sequesters carbon and  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therefore can be recreated as a process of environmental engineering to reduce CO2 amounts 

within the atmosphere (Riebesell et al., 2000). Cells stop producing coccoliths once cultures 

reach stationary phase; however, calcification can be induced by the removal of coccoliths 

(Wal et al., 1987). Coccolith detachment rates double in stationary phase within Emiliania 

huxleyi  (Fritz  and  Balch,  1996),  therefore  it  is  possible  that  Pleurochrysis  should  show 

similarities.

Coccolithophores display a direct  response to the ever-increasing atmospheric CO2 levels, 

with ocean acidification having a direct effect on the calcification potential, as highlighted in 

section 1.2. This in turn has created problems with modelling the potential effects on future 

climate and oceans in respect to biogeochemical cycles (Iglesias-Rodriguez et al., 2008). It is 

generally accepted that as CO2 levels increase, there will be a decrease in the calcification 

potential of marine organisms (Beaufort et al., 2011). However, E. huxleyi responds to ocean 

acidification by showing either a change in morphology, or by reduced calcification, but the 

consequences vary between strains, as some are unaltered by a change in pH (Diner et al., 

2015). Conversely, other species may not maintain their calcium carbonate external coverings 

due to the decrease in pH (Orr et al., 2005), therefore further research into other calcifying 

algae, such as Pleurochrysis being used in this study, is important to gain further knowledge 

on the effects that the predicted pH decrease of oceans will have on calcifying algal species. 

This study will concentrate on the effects that these cells demonstrate when subjected to more 

acidic  growing  conditions,  both  to  increase  fundamental  understanding  of  the  processes 

involved and to  applications  to  approach in  regards  to  carbon capture  and environmental 

engineering. 

3.2 Aims of chapter

• To understand the morphology and structure of coccoliths and coccospheres under normal  

cultivation conditions, and from this, quantify the calcium carbonate abundance per cell.

• To  assess  the  effect  that  a  decrease  in  pH  has  on  the  morphology  and  abundance  of 

coccoliths over time and how individual cells respond

• To understand  the  environmental  stimuli  that  cause  coccolith  detachment  by  subjecting 

healthy  cultures  to  environmental  stress,  including  extreme  temperatures,  salinities,  a 

decrease in pH and limiting nutrients within the medium.
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3.3 Materials and methods

3.3.1 Microscopy to quantify coccolith abundance and understand their morphology

Initial scanning electron microscopy (SEM) was carried out on the four selected species from 

the work outlined in Chapter 2, including Pleurochrysis sp. CCAP 944/4, C. carterae CCAP 

961/2, C. carterae CCAP 961/1 and C. carterae CCAP 961/5. The objective was to quantify 

coccolith numbers cell-1, as well as understanding the unique morphology of the coccoliths of 

all species involved in this study. A live, 1ml sample of each the coccolithophore species was 

left to filter and air dry overnight, before being coated for SEM analysis as described below 

(Table 3.1). Initially, step nine was not carried out, with the stubs being coated straight away. 

However, this resulted in damage to the cells, therefore the procedure had to be altered to 

allow cells to naturally pass through the filter, thus minimising damage. 

[Procedure developed by Elaine Mitchell at the Scottish Association for Marine Science]  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Table 3.1 Method for SEM preparation for delicate coccolith samples

1) Prepare SEM aluminium stubs by placing double sided sticky tape across them, 
trimming the edge to fit the stubs 

2) Filter live sample onto Whatman 25mm polycarbonate (PC) filters and mount onto 
10mm stubs before leaving to dry

3) Using a clean petri dish for each culture, place a GF/F filter in each

4) Place a drop or two of water onto the filters and allow to soak in

5) Place a white 0.8μm polycarbonate membrane filter onto each damp GF/F filter 

6) Add one or two drops of the live culture onto the polycarbonate membrane filter

7) Once the samples begins to pull through, it should saturate the GF/F

8) When all of the sample has passed through the PC membrane filter, place it on top of 
the prepared stubs, lying it flat

9) Leave the PC filters to dry overnight in a sealed box so no debris can collect on the 
filters

10) Place the stubs in the splutter coater, and coat in a thin layer of gold palladium 

11) Keep the mA collage at 16-17 for 2 minutes, rather than the usual 18-20, this should 
minimise damage to the cells



Coccolith Production, Morphology and potential for carbon capture

After  cells  had  been  prepared  for  analysis,  the  stubs  were  optimally  viewed  at  x5000 

magnification in order to measure the coccoliths, assess the quality and quantity of coccoliths, 

as well as understanding their morphology. Coccoliths were measured directly from the scale 

produced on the SEM, with the number being counted directly from cells that displayed a 

complete covering of the coccosphere. Quality was assessed in comparison to a standard, well 

formed cell and morphology comparisons were related to published literature. 

3.3.2 Preparation of an altered pH medium to understand its effect on coccolith morphology 

and production 

Modified F/2 medium was prepared with a tris-maleate buffer in order to achieve the lower 

pH regime needed to observe how the coccoliths of the selected four strains (Pleurochrysis sp. 

CCAP 944/4,  C. carterae CCAP 961/2,  C. carterae CCAP 961/1 and C. carterae CCAP 

961/5) reacted to acidic conditions.  The medium was prepared as described in Table 3.2. 

These samples were then left for 48 hours in they new pH regimes, before samples were 

prepared for SEM analysis as described previously (Table 3.1) to observe the morphological 

changes  the  decrease  in  pH  had  induced  on  each  strain  and  their  associated  coccoliths. 

Triplicate flasks were prepared in each case, with these cultures being grown within 100ml of 

modified  pH  F/2  medium,  in  250ml  Fisherbrand  glass  flasks  and  employed  a  20%  v/v 

inoculum. These flasks were incubated in a 20℃, constant temperature room (CT room) and 

underwent  a  12:12  day  to  night  light  regime.  Again  1ml  of  live  sample  was  used  when 

preparing SEM stubs to ensure the changes observed were due to the effect of changing the 

pH and not damage. Samples from this experiment were then compared to the healthy cells 

observed from the procedure described in Table 3.1 to understand the effect that pH had on all 

four strains.  
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3.3.3 Established coccolith detachment procedure; The Paasche (1999) method 

Natural coccolith detachment was monitored through the Coulter Counter (CC) graphs that 

were produced from growth monitoring in section 2.3.3. Both Pleurochrysis sp. CCAP 944/4 

and C. carterae CCAP 961/5 were sampled, with 0.1ml of each being injected into the CC to  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Table 3.2 F/2 ASW modified pH medium recipe

Stock Solutions

1) Instant ocean (per litre) 33.5g

2) Nitrate/Phosphate 100x stock (1 litre) NaNO3 7.5g

NaH2PO4.2H2O
dissolve in 1L Elga water and autoclave

0.565g

3) Trace element 1000x stock (1 litre) Na2EDTA 4.16g

FeCl36H2O 3.15g

CuSO47H2O 0.01g

ZnSO47H2O 0.022g

CoCl26H2O 0.01g

MnCl24H20 0.18g

Na2MoO42H2O
dissolve in 1L Elga water and autoclave

0.006g

4) Tris-maleate stock (1litre) Tris(hydroxymethyl)aminomethane 24.4g

Mealic acid 23.2g

5) Vitamin Mix A 10,000x stock (1 litre) cyanocobalamin 0.005g

biotin 
dissolve in 1L Elga water and filter sterilise 
(store frozen)

0.005g

6) Vitamin mix B 1000x stock (100ml) Thiamin-HCl (Vit B1) dissolve in 100ml Elga 
water and filter sterilise (store frozen) 

0.010g

Method 1) dissolve 33.5g instant ocean in Elga water
2) add 10ml 100x nitrate/phosphate stock
3) add 1ml 1000x trace element stock
4) add 5ml tris-maleate stock
5) pH between 5.8-8.2
6) adjust to 1 litre with Elga water
7) autoclave and cool
8) add 0.1ml vitamin mix A 10,000 stock
9) add 1ml vitamin mix B 1000x stock

[Based on F/2  medium recipe,  Guillard  and Ryther,  (1962)  with  modifications  made to 
buffer to accommodate the lower pH.]
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assess  the  average  number  of  coccoliths  ml-1  present  within  both  samples.  The  graphs 

produced by the CC produced three distinctive peaks that could be easily attributed to the 

different components of cultures. Peaks between 10-20μm were attributed to the algal cells, 

peaks <1 were attributed to bacteria and peaks at 1μm could be associated with coccoliths that 

had become detached from the cells. Therefore the amount of free coccoliths within cultures 

could be assessed, as well as when the coccoliths began to naturally detach, as these peaks 

would grow over time, with the peak for coccoliths not being present within the first week of 

assessing culture growth. 

Artificial coccolith removal was carried out according to Paasche (1999) as described in Table 

3.3. From this the weight of calcium carbonate amounts could be calculated. Triplicate flasks 

were prepared in each case, with these cultures being grown within 100ml of F/2 medium, in 

250ml  Fisherbrand  glass  flasks  and  employed  a  20%  v/v  inoculum.  These  flasks  were 

incubated in a 20℃, constant temperature room (CT room) and underwent a 12:12 day to 

night light regime.

Modifications to the Paasche procedure described in Table 3.3 were made in order to ensure a 

homogenous  solution,  which  allowed  samples  to  be  accurately  counted  using  a 

hemocytometer. Samples that had undergone this coccolith removal procedure were vortexed 

before  being left  in  the  shakers  for  up to  one week.  During this  time,  the  samples  were 

vortexed daily before finally being sonicated to ensure a true homogenous solution. This extra 

time in the shakers and the addition of vortexing samples ensured that the coccoliths did not 

clump and were evenly distributed throughout the medium. This allowed the coccoliths to be 

accurately counted within the haemocytometer.

To quantify the weight of calcium carbonate material produced by each strain, 5ml of culture 

suspension were passed through 25mm, 1μm pore size, polycarbonate filter (step one from the 

Paasche method (Table 3.3)). The filter was then left to dry out overnight in a drying oven.  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Table 3.3 The Paasche (1999) for the removal of coccoliths from cells

1) 5ml culture suspension through 25mm, 1μm pore size, polycarbonate filter

2) Subject to triton-NaOCl2 treatment (40ml test tubes). Add 15ml (5% v/v). (15ml of 1% v/

     v triton x100 in 0.5M NaHCO3 + 2 drops NaOCl)

3) Seal and shake over night at 25℃

4) Results in a homogenous cell free suspension

5) Coccoliths counted by haemocytometer, coccoliths are recognised by their distinct oval     

    shape and hollow centre 



Coccolith Production, Morphology and potential for carbon capture

Filters  were  weighed  before  and  after  the  filtering  and  drying  process,  so  the  weight  of 

coccolith material calculated. 

3.3.4 Coccolith removal procedures: inducing stress conditions

Experiments were performed in order to assess the effects of environmental stimuli on the 

potential of Pleurochrysis and Chrysotila strains to shed their coccoliths. These experiments 

included;  changes  in  pH and salinity,  extreme temperature  ranges,  as  well  as  changes  to 

nutrient levels.

Removal of coccoliths due to a pH decrease were carried out according the procedure of Wal 

et al. (1987). Extracellular coccoliths were removed by lowering the pH of healthy cultures to 

pH 3 using hydrochloric acid, before immediately being raised back to pH 8 with sodium 

hydroxide. This procedure was then modified to assess whether it was the initial pH decrease, 

or the increase back to pH 8 that accounts for the removal of coccoliths. Samples were left for 

half an hour at pH 3, before being raised back to pH 8, before cells were assessed under the 

microscope. Further samples were incubated at pH 3 for 1 hour and 2 hours respectively, 

before  being restored to  their  normal  pH conditions.  This  experiment  was carried out  on 

Pleurochrysis sp.  CCAP 944/4 and C. carterae CCAP 961/5 in triplicate flasks with these 

cultures being grown within 100ml of F/2 medium, in 250ml Fisherbrand glass flasks and 

employed a 20% v/v inoculum. These flasks were incubated in a 20℃, constant temperature 

room (CT room) and underwent a 12:12 day to night light regime.

Modified F/2 medium, with stock solutions as described in Table 2.2, were used in order to 

assess the effects of salinity, with double salt, 1.5x salt, 1/2 salt and 1/4 salt all being prepared  

according to Table 3.4.  Triplicate flasks were prepared in each case for Pleurochrysis  sp. 

CCAP 944/4 and C. carterae CCAP 961/5, for all salinity levels, with these cultures being 

grown within 100ml of F/2 medium, in 250ml Fisherbrand glass flasks and employed a 20% 

v/v inoculum. These flasks were incubated in a 20℃, constant temperature room (CT room) 

and underwent a 12:12 day to night light regime, to allow a direct comparison to cultures 

grown under optimal conditions.  Flasks were left for two weeks in order to allow cultures to 

adjust to their new conditions, before samples were taken and assessed under the microscope 

to understand the changes that the altering salinities had on the cells being tested.
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Strains were subjected to extreme temperature conditions in order to asses the effect on the 

coccospheres of cells. Both Pleurochrysis sp. CCAP 944/4 and C. carterae CCAP 961/5 were 

placed  in  waterbaths  at  50℃,  30℃  and  5℃.  Samples  were  then  brought  back  to  20℃ 

immediately, after half an hour, after one hour, then finally after two hours, in four separate 

experiments.  The  effects  of  the  procedure  on  the  coccospheres  were  assessed  under  the 

microscope in addition to the effects on individual cells. This experiment was carried out on 

strains Pleurochrysis sp. CCAP 944/4 and C. carterae CCAP 961/5 in triplicate flasks. Strains 

were  initially  cultured  in  100ml  of  F/2  medium,  in  250ml  Fisherbrand  glass  flasks  and 

employed a 20% v/v inoculum. These flasks were incubated in a 20℃, constant temperature 

room (CT room) and underwent a 12:12 day to night light regime. Cultures were left for two 

weeks to ensure high cell densities were present within flasks before being subjected to the 

extreme temperatures conditions to promote coccolith detachment.

Nutrient levels were altered in order to apply “stress” to cultures of Pleurochrysis sp. CCAP 

944/4 and C. carterae CCAP 961/5 and potentially cause an incomplete coccosphere that 

would thus allow one to assess if calcification was induced due to coccolith removal. Altered 

nutrient  treatments  followed  the  initial  medium  recipe  of  ASW  (Table  2.2),  with  the 

alterations as follows: For reduced nutrient medium, prepare Nitrate/phosphate stock solution 

was prepared as outlined in Table 2.2 but only 1ml was added to to the final medium, instead 

of 10ml. For limited nitrogen medium the altered Nitrate/Phosphate stock solution was  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Table 3.4 Alteration to the methods of medium preparation in order to alter the 
salinity  

Method: 
1)    dissolve 8.375g of instant ocean in Elga water (for 1/4 salinity compared to F/2    

medium as prepared in Table 2.2)
       dissolve 16.75g of instant ocean in Elga water (for 1/2 salinity compared to F/2 medium 
       as prepared in Table 2.2)
       dissolve 50.25g of instant ocean in Elga water (for 1.5x salinity compared to F/2  
      medium as prepared in Table 2.2)
      dissolve 67g of instant ocean in Elga water (for 2x salinity compared to F/2 medium as      
      prepared in Table 2.2)

2)    add 10ml 100x nitrate/phosphate stock
3)    add 1ml 1000x trace element stock
4)    add 5ml tris-maleate stock
5)    pH between 5.8-8.2
6)    adjust to 1 litre with Elga water
7)    autoclave and cool
8)    add 0.1ml vitamin mix A 10,000 stock
9)    add 1ml vitamin mix B 1000x stock
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prepared according to Table 3.5, with the limited phosphorous medium having the altered 

Nitrate/Phosphate stock  solutions being prepared according to Table 3.6. 

[Based on F/2 medium recipe, Guillard and Ryther, (1962).]

Triplicate flasks were then prepared, with both Pleurochrysis sp. CCAP 944/4 and C. carterae  

CCAP 961/5 being grown in the altered media described above. This experiment also was 

conducted in 100ml of modified F/2 medium, in 250ml Fisherbrand glass flasks and employed 

a 20% v/v inoculum. These flasks were incubated in a 20℃, constant temperature room (CT 

room) and underwent a 12:12 day to night light regime to ensure a direct comparison could be 

made to the optimal growth experiments.

3.4 Results 

3.4.1 Morphology and abundance of  coccoliths on Pleurochrysis  sp.  CCAP 944/4 and C. 

carterae  CCAP 961/5

Although SEM required minimal preparation prior to viewing the cells, the coccolithophore 

cells were badly damaged when forced through the filters, leaving the cells either misshapen 

or burst during the initial preparation of samples (Fig. 3.2). Therefore an alternative method, 

as described above, had to be developed in order to allow the fragile cells to be preserved 

during the  stub  preparation  method.  The use  of  the  fixative  formaldehyde,  also  damaged 

samples; therefore, live samples had to be used when preparing for further SEM analysis. 

During the first procedure to quantify and asses the amount, as well as morphology of the 

coccoliths,  cells  were  obviously  damaged  (Fig.  3.2).  These  samples  displayed  obvious 

deformations to the individual cells, demonstrating a pronounced dented cell wall in most  

44

Table 3.5  Nitrate/Phosphate stock solution for a limited nitrate medium

1) Nitrate/Phosphate 100x stock (1 litre) NaNO3 0.75g

NaH2PO4.2H2O 0.565g

dissolve in 1L Elga water and 
autoclave

Table 3.6  Nitrate/Phosphate stock solution for a limited phosphate medium

1) Nitrate/Phosphate 100x stock (1 litre) NaNO3 7.5g

NaH2PO4.2H2O 0.0565g

dissolve in 1L Elga water and 
autoclave
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cases observed. Although all of the cells were damaged to some degree, most were still intact, 

with the contents of the cells still being contained. However, those that displayed evidence of 

bursting and losing their contents, displayed an obvious trail of coccoliths in the surrounding 

sample, close to the individual cell. These more damaged cells were surrounded by broken, 

free coccoliths and singular calcite crystals, as well as evidence that the cell contents had 

leaked out around the cell (Fig. 3.2).

However, after the method was corrected, it was apparent that Pleurochrysis and Chrysotila 

cells had complete coccospheres, that were composed of between 80-120 separate coccoliths 

depending on the specific strain. These coccoliths were mainly smooth and well formed, with 

some cells having obvious, teeth-like calcite crystals on the inner rim of the coccolith. The 

coccoliths were delicate, being around 1μm in size, and around 0.2μm in thickness. There was 

also free coccoliths visible in the surrounding medium, showing that cells naturally lost their 

coccoliths, but replaced and replenished the gaps by further coccolith production (Fig. 3.3).

These  initial  SEM  images,  as  prepared  provided  a  standard  assessment  of  the  normal 

morphology observed under normal growing conditions. The characteristics observed were; 

completeness of coccospheres, structure and shape of coccoliths, overall shape of cells , as 

well as the amount of free coccoliths surrounding cells. Further experimental work, under 

stress induced conditions from environmental stimuli,  were observed and compared to the 

norm, in order to understand the effects which these environmental changes will have on the 

overall morphology and state of the coccospheres.  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Fig.  3.2 Coccolithophorid cells  that have been damaged from SEM preparation.  (A) shows 
evidence that the cell wall has been dented and misshapen as a clear, defined cell wall is not visible. 
(B) illustrates a cell  which has been so badly damaged that the cell  wall  has burst,  spilling the 
contents of the cell, as well as damaging the extracellular coccoliths. This cell is also surrounded by 
individual calcite crystals. This is the result of forcing the cells through the filters within the initial 
stages of the SEM preparation.
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3.4.2 The effect of acidic conditions on coccolith morphology and abundance

The  experiments  assessing  the  effect  of  a  decrease  in  pH  and  how  this  affected  the 

morphology, changes in quantity,  and quality of the coccoliths were observed using SEM 

(Fig.  3.4).  The  changes  were  compared  directly  to  healthy  cells  as  seen  in  Fig.  3.3.  By 

decreasing the pH to 7.5, obvious cell damage was observed (Fig 3.4D). Loss of coccoliths, as 

well as many free coccoliths being present, within the medium along with free calcite crystals 

were  observed  within  these  samples.  Cells  were  still  intact  and  showed  no  evidence  of 

bursting (Fig 3.4D). At pH 7, Pleurochrysis and Chrysotila cells were still intact; however, the 

amount  of  coccoliths  missing  from  the  coccospheres  had  increased  from  previous 

observations at normal and those at pH 7.5. It  was also obvious that these coccoliths has 

undergone some dissolution, as individual coccoliths were thinner and also appeared cracked 

and  not  well  formed.  Similarly,  free  coccoliths  were  not  present  within  the  surrounding 

medium. However, cells were still complete but calcite and free coccoliths were still observed 

surrounding the Pleurochrysis and Chrysotila cells (Fig 3.4C). A further reduction in pH to 

6.5 resulted in major effects being observed to cell morphology. Most of the coccoliths had 

completely  disappeared,  leaving  an  incomplete  coccosphere.  Furthermore,  fewer  free 

coccoliths were observed around the cells, and coccoliths that were present, were thin and 

weak compared to the original morphologies observed in Fig. 3.4B. However, the algal cells 

themselves were unaltered in appearance and were still apparently intact. At pH 6, there was 

evidence of cells beginning to burst, in addition to all of the previously described damage 

compared to the standard healthy cells (Fig. 3.4A).  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Fig. 3.3 Chrysotila cells using altered SEM procedure to ensure cells are not damaged. Both (A) 
and (B) show rounded shape, with a full covering a coccoliths that have not been damaged from  
being pushed through the filter. (A) still shows free coccoliths surrounding the cells, however this 
was not due to the preparation procedure, as coccolith detachment is natural and all of the coccoliths 
in this image are intact. (B) also shows missing coccoliths on the coccosphere; however this can also 
be attributed to a natural process as there is no evidence to show damage to the cells. In both cases, 
the cells are much easier to view and identify features than those described in Fig. 3.2.
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3.4.3 Paasche method to quantify the amount of calcium carbonate material

The Paasche method was initially employed in order to quantify calcium carbonate amounts, 

as well as count how many coccoliths were present ml-1 of sample collected. However, it was 

found that this procedure was not suitable for the Pleurochrysis and Chrysotila strains being 

used in this study. The initial cultures subjected to triton-NaOCl treatment resulted in all of 

the  cells  bursting,  leaving  just  the  coccoliths;  however,  the  final  stage  did  not  provide  a 

uniform solution of free coccoliths, therefore it was impossible to gain an accurate count of 

coccoliths  using the  hemocytometer  to  understand and quantify  the  number  of  coccoliths 

present within the solution. Therefore by altering the procedure, as outlined in section 3.3.3, 

an accurate count was obtained (Table 3.7)(Fig 3.5). The addition of shaking the cultures for a 

week after they had been subjected to triton-NaOCl treatment ensured that any coccoliths that 

had congregated together were separated and distributed evenly throughout the solution being 

counted in the hemocytometer, therefore they could be accurately counted.  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Fig. 3.4 The effect of acidic conditions to the coccosphere of Pleurochrysis sp.  CCAP 944/4. All four 
samples showed dissolution and incomplete coccospheres compared to the standard samples seen in Fig 3.3. 
(A) was a sample cultivated at pH 6, with these cells showing thinner coccoliths compared to Fig 3.3.  The 
coccosphere on these cells was missing up to 50% of coccoliths; however, the cells were still intact in this 
image, but other cells had burst, with the cells contents being visible, similar to those pictured in Fig. 3.2. (B) 
was a sample left at pH 6.5, with these cells showing more damage than those left at pH 6. The coccosphere on 
the cell above is mostly free of coccoliths, with the coccoliths also being completely dissolved within the 
surrounding medium. From this image the cell wall is clearly visible, showing that cells do not burst at this pH.  
(C) was a sampled cultivated at pH 7, again these cells show less dissolution of coccoliths and more completed 
coccospheres compared to (A) and (B). However, coccoliths are much thinner compared to those in Fig. 3.3. 
Cells within these samples demonstrated no evidence of cells bursting. (D) illustrates samples cultivated at pH 
7.5. These cells are much closer to the standard seen in Fig. 3.3; however there is less coverage of coccoliths 
on the coccospheres. Free coccoliths can be seen surrounding the cells, showing dissolution of free coccoliths 
is not occurring within these samples. 
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Fig.  3.5 Free coccoliths collected by the Paasche method. (A) and (B) show the congregated 
coccoliths (as indicated by the red arrows) that were the result of the initial attempt at applying the 
Paasche method to kill of cells, to only leave the coccoliths in a homogenous solution. However, due 
to the obvious clumping and collection of coccoliths seen in (A) and (B), these samples could not be 
counted accurately to understand how many coccoliths were present ml-1. Therefore, the procedure 
had to be modified accordingly to ensure a homogenous solution, where the coccoliths could be 
counted accurately. The result of this modification can be seen in (C), with a homogenous solution 
being present, and coccoliths being easy to identify and count. 

Table 3.7 Number of coccoliths per cell in strains of Pleurochrysis and Chrysoltila

strain № cells per ml № coccoliths per ml № coccoliths per cell

Pleurochrysis sp. CCAP 
944/4

6.769x105 3.508x107 51

C. carterae CCAP 961/2 3.198x105 1.147x107 35

C. carterae CCAP 961/1 5.02x104 1.688x106 33

C. carterae CCAP 961/5 8.528x104 2.04x107 239
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From the  filters  that  were  dried  out  overnight  to  assess  the  weight  of  calcium carbonate 

material that was collected, the results were as follows (Table 3.8). Although the quantities 

were small, the scaled up predictions show that the amounts of calcium carbonate material can 

be much more significant per litre of culture grown. 

Natural  coccolith  detachment  was  also  monitored  from  CC  data  collected  for  growth 

optimisation  work  in  Chapter  2,  as  there  becomes  an  obvious  progression  in  coccolith 

detachment as the lifecycle of each strain progresses.  For Pleurochrysis sp.  CCAP 944/4, 

coccoliths begin to detach and collected within the medium after 10 days of growth, when 

cultures were still within the exponential growth phase. Also after 10 days of growth, strain C. 

carterae CCAP 961/1 also begins to shed its coccoliths, meaning that these can be collected 

natural after this time period. Strains P. carterae CCAP 961/2 and C. carterae CCAP 961/5 

did not show natural coccolith detachment until day 15, also within the exponential growth 

phase of these cultures. 

3.4.4 Inducing stress conditions 

3.4.4.1 A drop in pH as a means to remove extracellular coccoliths

The procedure developed by Wal et al. (1987) proved to be effective in removing extracellular 

coccoliths whilst maintaining healthy, living cultures. From this experiment it was important 

to understand whether the removal of coccoliths was stimulated by the pH drop, or whether it 

was due to the rise in pH after the initial shock. By running the experiment over the four 

different time periods a greater perspective into how the cells react to the pH changes was  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Table 3.8 Quantifying calcium carbonate amounts on strains of Pleurochrysis and 
Chrysotila 

strain № cells per ml weight of calcium 
carbonate material in 
5ml sample (g)

calcium carbonate 
per litre (g)

weight per 
coccolith (g)

Pleurochrysis 
sp. CCAP 
944/4

4.072x105 7x10-4 0.14 3.438x10-12

C. carterae 
CCAP 961/2

2.171x105 6x10-4 0.12 5.527x10-12

C. carterae 
CCAP 961/1

4.914x105 7x10-4 0.14 2.849x10-11

C. carterae 
CCAP 961/5

5.649x105 8x10-4 0.16 2.832x10-11
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gained. During the initial experiment, where samples were immediately brought back to pH 8, 

all of the samples, both sets of triplicates of Pleurochrysis sp. CCAP 944/4 and C. carterae 

CCAP 961/5,  lost  all  of  their  coccoliths,  leaving  the  coccoliths  freely  suspended  in  the 

medium.  From  further  microscope  observations,  there  was  no  evidence  of  cell  bursting;  

however, some cells of both Pleurochrysis  sp. CCAP 944/4 and C. carterae  CCAP 961/5 

displayed some evidence of “shrivelling”. This effect may be due to the initial shock of the 

pH change, but overall cells remained healthy and did continue to grow (Data not shown, 

observations only). 

On repetition of the experiment, the cultures were subjected to pH 3 conditions for half an 

hour before the pH was raised back to the normal pH of the growing cultures. It was obvious 

that the coccoliths had been removed from the cells; however, they had began to dissolve in 

the surrounding medium as a result of the acidic conditions. This was observed in all of the 

samples tested. The cells remained healthy, and in a state that they would continue to grow 

and produce more coccoliths, yet there was evidence of cells shrivelling within the cultures, 

and in one case (C. carterae CCAP 961/5) there was evidence to suggest a few of the cells 

had lysed (data not shown, observations only). 

After an hour at pH 3, most of the coccoliths had completely dissolved and were no longer 

present  within  the  medium.  Furthermore,  cells  displayed  the  same shrivelled  appearance; 

however, there was still no evidence to indicate that cells had lysed. After two hours at pH 3 

there  was  evidence  to  indicate  that  some  cells  had  lost  their  contents  (data  not  shown, 

observations only).  This  experiment  demonstrated it  was possible  for  strains  to  lose their 

coccoliths and keep the cells alive, meaning that these cells can produce more coccoliths as 

they  continue  their  life  cycle.  Furthermore,  it  can  be  deduced  that  the  cells  lose  their 

coccoliths due to the pH drop, as the cells were stressed by the extreme and immediate change 

in conditions. However, if  the conditions are returned to normal environmental conditions 

immediately, then the cultures are able to recover and continue to grow. 

3.4.4.2 Effect of salinity changes on the coccosphere of Pleurochrysis sp. CCAP 944/4 and C. 

carterae CCAP 961/5

Pleurochrysis  sp.  CCAP 944/4 and C.  carterae CCAP 961/5 are both marine species and 

adjusted well to growing under higher osmotic potential conditions (Table 3.9). From these 

experiments, it can be observed that the higher salinity of 1.5x salt content was the limit to 

healthy cultures, with anything higher resulting in the death of algal cells. Similarly, cells also 

adjusted well to lower salinities, showing these specific strains were able to adjust well to a  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variety of different environments. The general trend for both species showed cells growing in 

congregated clumps, with shrivelling present in the reduced salinity mediums, with the higher 

salinities causing some of the cells to burst in both strains. Although this experiment effected 

the  cells,  the  coccospheres  were  to  effected,  with  the  changes  in  salinity  not  being  an 

appropriate method to promote coccolith detachment. 
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Table 3.9 The observed effects that salinity changes have on strains of Pleurochrysis 
and Chrysotila

strain salinity (compared to 
original F/2 medium 
with ASW (control 
experiment)

coccoliths 
present 

cell appearance 
(observations on cells 
compared to healthy 
cultures in Fig. 2.2)

growth 
characteristics 

Pleurochrysis 
sp. 
CCAP 944/4

1/4 salinity yes cells appear smaller (up to 1 
μm smaller in size), 
colouration normal

clumps

C. carterae 
CCAP 961/5

1/4 salinity yes cells appear shrivelled clumps

Pleurochrysis 
sp. 
CCAP 944/4

1/2 salinity yes free cells are smaller (up to 
1 μm smaller in size), 
colouration normal 

clumps

C. carterae 
CCAP 961/5

1/2 salinity yes good colouration, cells 
appear shrivelled, less 
clumped growth than 
normal cultures

clumps

Pleurochrysis 
sp. 
CCAP 944/4

1.5x salinity yes cells that are more active 
than lower salinities (cells 
are moving around in 
medium), with cell size 
comparable to those under 
optimal growth conditions 

clumps

C. carterae 
CCAP 961/5

1.5x salinity yes good colouration, less 
clumped cells than usual 
growth style 

clumps

Pleurochrysis 
sp. 
CCAP 944/4

2x salinity yes clumps of coccoliths 
suggest cells have burst, 
therefore limiting growth

clumps 

C. carterae 
CCAP 961/5 

2x salinity yes clumps of coccoliths 
suggesting cells have burst, 
therefore limiting growth

clumps 
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3.4.4.3 Extreme temperature conditions as a method of coccolith removal 

The warmer temperatures tested, 50℃ and 30℃ appeared to have little or no effect on the 

cells or their coccoliths of Pleurochrysis sp. CCAP 944/4 and C. carterae CCAP 961/5, even 

after two hours of incubation. However, when cells were subjected to colder conditions,  cells 

were observed to lose their coccoliths, as empty spaces were visible on the coccospheres. This 

suggested that a cold stimulus could potentially be employed to induce coccolith removal. 

Neither strain showed any response on transfer to the 5℃  temperature regime, with rapid 

transfer back to temperatures between 15-20℃. However, the longer the cells were incubated 

at 5℃ the more evidence of incomplete coccospheres were observed. Both Pleurochrysis sp. 

CCAP  944/4  and  C.  carterae  CCAP  961/5  displayed  less  active  cells  at  these  lower 

temperatures; however, it is possible that once these cultures were brought up to temperatures 

between 15-20℃, they could continue to grow as normal as cells still appeared healthy from 

initial observations. 

3.4.4.4. Altering nutrient levels and its effect on the coccosphere of Pleurochrysis sp. CCAP 

944/4 and C. carterae CCAP 961/5

Observations  after  four  days  incubation  indicated  no  changes  to  the  growing  cultures  of 

Pleurochrysis sp. CCAP 944/4 and C. carterae CCAP 961/5. However, there was evidence 

that after cultures had been growing for a week under the different nutrient limiting regimes, 

that the lower phosphate experiment has produced higher cell densities, due to higher growth 

rates, than all of the other cultures, compared to initial growth monitoring in section 2.4.1 

(Table 3.10). However this did produce smaller cells (data not shown). This was observed for 

both Pleurochrysis sp. CCAP 944/4 and C. carterae CCAP 961/5. The limiting nutrient levels 

had no effect on the production of coccoliths, and did not stimulate coccolith removal from 

observations of cells from microscopy (data not shown).  
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Table 3.10 Cell count of limited nutrients vs initial growth 

strain initial growth rate (20℃) 
(μh-1)

limited phosphate medium 
growth rate (μh-1)

Pleurochrysis sp. CCAP 
944/4

0.0086 (± 0.00095) 0.00994 (± 0.00074)

C. carterae CCAP 961/5 0.00982 (± 0.0006) 0.0137 (± 0.0015)
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3.5 Discussion 

The initial SEM study demonstrated that a less vigorous approach was needed in order to 

accurately examine the Pleurochrysis and Chrysotila cells and their coccoliths. This particular 

algal species is different to other species of coccolith bearing algae, as Pleurochrysis typically 

forms coccoliths that are 2-3μm in length, having more elongate shapes compared to other 

species described (Fig. 3.6). The presence of smaller, more delicate coccoliths, compared to 

species such as Emiliania huxleyi, explains to some extent why Pleurochrysis and Chrysotila 

must be handled with more care and left to dry out naturally to allow for cells to be intact 

when preparing for SEM analysis.  The thickness of individual coccoliths is related to the 

degree of calcification within the cell (Bolton et al., 2016), therefore larger coccoliths contain 

more carbon than smaller coccoliths; however, there will be a much greater number of the 

smaller coccoliths. This is important when applying the amount of calcium carbonate to a 

model and will be further discussed in Chapter 5. Although the purpose of the coccosphere 

has not yet been agreed, it  has been suggested that it  is  a potential  method of protection 

against predators or viruses, or potentially it modifies the light availability to each individual 

algal cell (Young, 1994). Coccolithophores are the dominant calcifying phytoplankton and fix 

CO2 within the upper levels of the oceans via photosynthesis, hence why they possibly need 

some protection from high light intensities. 

Organic carbon is used within the formation of the coccoliths, yet they produce CO2 as a 

byproduct,  which  can  accumulate  in  the  deep  ocean.  It  is  not  well  understood  how the 

processes  of  photosynthesis  and  calcification  are  related;  however,  it  is  thought  that 

photosynthesis drives calcification. Under normal conditions, this creates an overall decrease 

in CO2 levels, as carbon is locked away permanently within the coccolith coatings (Rost and 

Riebesell,  2004).  This  is  important  to  the  carbon  cycle  described  in  section  1.2,  as  it 

permanently  removes  CO2  from  the  atmosphere  and  transports  it  to  the  deep  ocean  as 

coccoliths detach from algal cells and fall to the sea floor (Schenk et al., 2008).

From the natural process of the production of coccoliths and ultimately the removal of carbon 

from  the  atmosphere,  it  is  possible  to  recreate  this  series  of  events  within  laboratory 

conditions  or  in  pond conditions,  separating  the  coccoliths  from the  cells  and  creating  a 

bioremediation system that can be environmentally engineered in order to capture carbon.  

Currently, algal pond systems have been proven to be highly efficient and can fix up to 4g of 

CO2 L-1, day-1 (Schenk et al., 2008). This concept will be explored further in Chapter 5.

The  decrease  in  oceanic  pH  due  to  the  addition  of  CO2  has  a  negative  effect  on  the 

production, as well as the morphologies, of the coccospheres. Although it is important to  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understand the consequences that ocean acidification has on the cells, it is also important to 

see how they respond to this environmental change so that it can be modelled successfully.

There are advantages to the natural  processes of  cells  losing coccoliths as they detach at 

predictable times and can therefore be collected when numbers within the medium increases. 

Similarly,  by  knowing  the  weight  of  calcium  carbonate  per  cell  on  different  strains  of 

Pleurochrysis and Chrysotila, then the amount of coccolith material from larger scale cultures 

can be predicted and utilised for environmental engineering purposes. It has been estimated 

that coccoliths make up between 7-8% of the dry weight of these strains (Moheimani and 

Borowitzka, 2006).  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Fig. 3.6 The different morphologies of coccoliths within coccolithophorid algae (Young et al., 
2003). (A) Emiliania huxleyi, with its larger yet still delicate coccoliths, compared to Pleurochrysis 
and Chrysotila used in this study (Fig. 3.3 and D). They have a much more distinct shield shape, 
rather than the elongate and delicate coccoliths of Pleurochrysis (pictured in D). (B) Gephyrocapsa 
oceanica  is  characterised  by  coccoliths  up  to  6  microns  in  length,  substantially  bigger  than 
Pleurochrysis coccoliths. Again, coccoliths have a distinct shield appearance and are more robust 
looking than those of Pleurochrysis (pictured in D). (C) Calcidiscus leptoporus also has a shield like 
appearance compared to Pleurochrysis (D), with coccoliths overlapping, completely covering 
the  cell  wall.  It  is  possible  that  these  cells  are  stronger  than  those  of  Pleurochrysis  and 
Chrysotila; however, there are no studies to show this is the case. 
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The discrepancies observed within the data obtained on coccolith numbers vs number of cells  

(Table 3.7) is highly likely to a sampling error, due to the growth characteristics described in 

section 2.4.3. The high coccolith numbers with respect to the number of cells in C. carterae 

CCAP 961/5 was considered to be due to inaccurate counts of cell numbers, as this strain 

tends to grow in collected clumps. All other values were distinctively low, again owing to 

sampling  error  or  possible  dissolution  of  coccolith  within  the  solution.  From  the  data 

obtained,  it  is  clear  that  the  coccoliths  can  be  removed  from cells  by  doubling  salinity. 

Unfortunately, this kills the cells, thus the coccoliths cannot be removed multiple times as the 

cells cannot regenerate coccoliths in place of the ones that have been lost.  However,  this 

procedure may be useful at the end of the life cycles of Pleurochrysis and Chrysotila strains 

being investigated, as intracellular material can be quickly removed by the addition of salt 

into the medium.

There is evidence to suggest that low temperatures also help with bloom conditions,  thus 

explaining why algal species can survive in high latitudes. Studies have demonstrated that the 

stress of colder temperatures helps to aid the productions of coccoliths, therefore explaining 

why the strains CCAP Pleurochrysis sp. 944/4 and C. carterae CCAP 961/5 began to lose 

their coccoliths at temperatures as low as 5℃ and possibly began to regenerate them at this 

low  temperature  as  seen  in  this  study  (Moheimani  and  Borowitzka,  2006).  The  low 

temperature stimulates a molecular mechanism, demonstrating that this is a natural response 

(Satoh et  al.,  2009),  again  demonstrating  how reducing the  temperature  can  promote  the 

removal of coccoliths as seen above. Although there was no evidence from the work reported 

in this study to suggest that altering the nutrient levels had any effect on coccolith removal or 

coccolith  production,  the  nutrient  concentrations  did  influence  the  overall  growth  of  the 

cultures. It has been previously reported by Van der Wal et al. (1995) and Fernandez et al. 

(1994)  that  blooms  of  E.  huxleyi  usually  coincide  with  low  levels  of  phosphate,  which 

supports  the  results  observed  when  lower  phosphorous  levels  were  employed  within  the 

medium of cultures of Pleurochrysis sp. CCAP 944/4 and C. carterae CCAP 961/5. If the 

growth of these cultures could be increased by the limitation of a key nutrients,  then the 

higher  cell  densities  would  increase  the  number  of  coccoliths.  However,  there  was  no 

evidence or literature to support the removal of coccoliths by altering nutrient levels. Using 

the pH changing technique of Wal et al. (1987) cultures would lose their coccoliths, before 

being brought back to their normal growing pH levels and leaving the cultures to continue to 

grow. Using this approach, cultures can be constantly at their highest cell densities, as well as 

being  healthy.  Others  studies  have  also  demonstrated  this  to  be  the  case,  with  coccolith 

production being highest in phosphate limited conditions, with production of coccoliths  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slowing when these nutrients are adding back into the culture (Paasche, 1998). However, it 

has  also  been  reported  that  calcium  carbonate  production  becomes  dominant  over 

photosynthesis when the cells are limited by phosphate (Buitenhuis et al., 1996). Similarly to 

the effect of temperature alterations as a method of coccolith removal, there was no literature 

to support this theory. The small, elongate coccoliths of Pleurochrysis have to be treated with 

care,  but  they have the  potential  to  be  used in  a  bioengineering context  as  they respond 

positively to  the coccolith  removal  procedure of  altering the pH conditions  to  pH before 

returning them to the normal pH of 8. This method, which was applied within this study was 

the most effective way to ensure full coccolith removal. The cells continue to lock up CO2 via 

photosynthesis,  but ultimate lock up high amounts of carbon within the coccoliths further 

reducing  atmospheric  CO2  over  much  longer  timescale.  Therefore,  in  theory  they  could 

successfully be used to combat anthropogenic climate change. Furthermore, Pleurochrysis are 

considered to be a potential source for biodiesel and individual strains can also support the 

switch to cleaner, renewable fuels, whilst being a sink for CO2. This will be explored further 

in Chapter 4.

Conclusions and future work

Chapter  three  focused  on  understanding  the  morphology  and  structure  of  coccoliths  and 

coccospheres  under  normal  cultivation  conditions,  and  from  this,  quantify  the  calcium 

carbonate abundance per cell.  It  was realised that these coccoliths could not be treated as 

other coccolithophores are treated to analysis and view these cells under SEM, therefore an 

appropriate method had to be developed. From this coccoliths could then be counted, with the 

results  as following; Pleurochrysis  sp.  CCAP 944/4 had 3.508x107 coccoliths ml-1  and C. 

carterae CCAP 961/5  had 2.04x107 coccoliths ml-1. By using these results as standard, the 

effect  that  a  decrease  in  pH  had  on  the  morphology  and  abundance  of  coccoliths  was 

investigated with the results showing that a dramatic drop in pH to pH 6 caused cells to burst, 

coccoliths to dissolve and coccospheres to become incomplete. This dramatic effect could 

come into play with the ever increasing effect that ocean acidification is having, therefore 

future research into calcification potential of these organism under; however, pH levels must 

be  investigated.  Furthermore,  by  testing  environmental  stimuli  that  cause  coccolith 

detachment cultures were shown to only shed coccoliths effectively due to the drop in pH, 

before it was raised back to healthy growing conditions. Therefore, further research into the 

stimulus  for  coccolith  production  and  removal  could  be  investigated  to  improve  our 

understanding  of  these  processes  to  ensure  both  the  calcium  carbonate  material  and  the 

biomass can be utilised completed from these strains. 
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Chapter 4

Lipid analysis and the suitability of Pleurochrysis and Chrysotila for 

biofuel production

4.1 The components of algal lipids and the advantages to algal biofuels

Pleurochrysis and Chrysotila, along with other coccolithophorid algae, produce lipids that are 

considered to be suitable for biofuel production, further aiding to the counteraction of rising 

CO2  levels,  as  these  renewable  energies  are  typically  carbon  neutral  (Moheimani  and 

Borowitzka, 2006). As energy prices increase, crude oil supplies decrease and the demand for 

biofuels becomes higher, there becomes more of a debate over the land use practices as well 

as future environmental concerns. However, biodiesel is regarded as a clean, biodegradable an 

d non toxic substance that is free from sulphur and aromatic components (Beopoulous et al., 

2011). 

Biofuels are commonly referred to as either 1st, 2nd, 3rd or 4th generation biofuels, with 1st 

generation biofuels being derived from widely available, often edible, feedstocks that can be 

easily converted into biodiesel. These include ethanol from the fermentation of sugars, or the 

transesterification of triglycerides of vegetable oils or animal fats, such as palm, soybean or 

rapeseed oil  (Beopoulous et  al.,  2011).  These methods are  the  main and most  successful 

biofuel production methods used today, with up to 95% of all biodiesel being produced from 

vegetables oils (Beopoulous et al., 2011) . The 2nd generation of biofuels have mainly been 

derived from non food feedstocks, or are produced by processing technology (Hoekman et al., 

2012). These sources have the advantage of not competing with feedstocks (Vassileve and 

Vassileve, 2016) The 3rd generation biofuels rely on the lipid composition of microalgae and 

seaweeds, with both biodiesel and bioethanol being produced (Dragone et al., 2010). Algal 

based biofuels require hydro and thermal processing before being appropriate for use as a 

biodiesel  (Hoekman  et  al.,  2012).  Although  this  method  is  predicted  to  be  the  most 

sustainable option for biofuel production, it is currently not effective to produce algae on large 

commercial  scales  (Vassileve  and  Vassileve,  2016).  Finally,  4th  generation  biofuels  are 

produced from microscopic  organisms,  that  have  potentially  been genetically  modified in 

order to produce the highest lipid yields (Vassileve and Vassileve, 2016). These include yeast 

and fungi, with yeast being capable of producing up to 20% lipids of the total biomass and 

have a similar lipid composition to vegetable oils (Beopoulous et al., 2011). 
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As previously discussed in section 1.6, the potential of algae to produce biofuels is due to the 

quantities  of  high quality  lipid  produced within  cells  (Borowitzka and Moheimani,  2013; 

Boruff et al., 2015; Griffiths and Harrison, 2009). Lipids are composed of several different 

components including fatty acids, triacylglycerols, glycolipds and sterols, with biodiesel then 

being composed of the fatty acids that these lipids contain (Lee et al., 2012). In order for 

microalgae to be appropriately produced as a biofuel, transesterification must take place to 

allow the triacylglycerols to be altered to fatty acid alkyl esters (Sheehan, 1998).

The scientific literature has reported that it is possible for algae to achieve lipid percentages of 

up to 77% of their dry weight, under optimal growing conditions, although these percentages 

are uncommon within most algal  strains (Chisti,  2007).  Typically,  lipid percentage of dry 

weight  for  many algal  species range between 20-50% (Brennan and Owende,  2010) with 

Pleurochrysis strains achieving up to 33% lipid content compared to dry weight (Moheimani 

and Borowitzka, 2006). The advantages of using biofuels, as previously outlined in section 

1.6,  include  fewer  toxic  emissions,  a  similar  performance  in  comparison  to  traditional 

petroleum based fuels, as well as utilising and being compatible with the petroleum based 

engines. Therefore reducing the need to alter systems that are currently in place if algal based 

biofuels  were to be introduced commercially.  Chemical  properties  of  these biofuels  mean 

safer transportation due to less volatiles being present, further adding to the advantages of the 

microalgal  based fuels (Nascimento et al., 2013). Alternatively, it may be possible to use 

algal biomass as a fuel source in power stations, therefore recycling CO2 back into the system 

and meaning more CO2 is sequestered into the system (Moheimani and Borowitzka, 2006).

4.2 Aims of chapter

• To assess the composition and percentage lipid yield of the Pleurochrysis and Chrysotila 

strains selected and monitor how this alters over each strains life cycle .

• To assess the suitability for biofuel production from the lipid compositions observed by 

using gas chromatography.

• To understand the effect that CO2 supplementation has on dry weight production of algae, 

its lipid production and composition in strains of Pleurochrysis and Chrysotila.
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4.3 Materials and methods 

4.3.1 Culture conditions for lipid analysis

Initial lipid studies were carried out on four different strains of Pleurochrysis and Chrysotila: 

Pleurochrysis sp. CCAP 944/4, C. carterae CCAP 961/2, C. carterae CCAP 961/1 and C. 

carterae CCAP 961/5. These strains were cultured in F/2 (ASW) medium, as described in 

Table 2.2, in 250ml Fischerbrand glass flasks, employed a 20% v/v inoculum and incubated at 

20℃, under a 12:12 light regime. Analysis was performed every week, for four weeks, in 

order to monitor the changes to lipid yield and composition over the lifecycle of the selected 

strains of Pleurochrysis and Chrysotila. During this time 30ml of material was harvested from 

triplicate flasks of each growing strain, which was then subjected to the analysis described 

below in sections 4.3.2, 4.3.3 and 4.3.4.

Secondary lipid analysis was performed on only two of the four strains used in the primary 

lipid analysis: these included Pleurochrysis sp. CCAP 944/4 and C. carterae CCAP 961/5. 

These  strains  were  grown  in  F/2  (ASW)  medium  as  described  in  Table  2.2,  in  100ml 

Fischerbrand glass flasks, employed a 20% v/v inoculum and were incubated at 20℃, under a 

12:12 light regime. In these experiments 45ml samples were harvested aseptically after two 

and four weeks of growth. 

4.3.2 Bligh and Dyer (1959) lipid extraction

Lipid  extractions  were  carried  out  according  to  Bligh  and  Dyer  (1959).  Samples  were 

centrifuged in 50ml plastic falcon tubes for 15 minutes at 4000rpm. Excess liquid was then 

removed before samples were washed in PBS (1ml).  Samples were then re-centrifuged in 

50ml plastic falcon tubes for 5 minutes, also at 4000rpm. Pellets were then re-suspended in 

0.5ml  PBS,  vortexed and transported  to  2ml  plastic  eppendorfs,  before  being centrifuged 

again for 5 minutes at 3000rpm. The final excess liquid was removed, before samples were 

treated with liquid nitrogen, then left in the -80℃ freezer overnight. Samples were then freeze 

dried for 24 hours before dried material was then transferred into pre-weighed glass tubes. 

Dry weight was then calculated for each sample. The Bligh and Dyer (1959) procedure was 

modified in order to allow for smaller amounts of dried algal material to be analysed, with the 

procedure as follows (Table 4.1) :  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From this procedure a dry weight can be attributed to the amount of cells ml-1, as well as 

allowing total lipids + pigments to be calculated.

Total lipids + pigment is calculated using the equation: 

Total lipids + pigment      = weight of final test tubes (dried under nitrogen)

    initial weight of freeze dried material
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Table 4.1 Modified Bligh and Dyer (1959) procedure 

1) Weigh out 0.5g of freeze dried algae, wash out with 1ml KCl and transfer  into 50ml 
Quickfit test tube and record weight 

2) Add 3ml of methanol and turrax sample to create a homogenous solution

3) Add 1.5ml of chloroform and 0.35ml KCl (0.88% v/v)

4) Shake to mix and store in freezer (sparkproof) for 1 hour, shaking every 15 minutes

5) Add another 1.5ml of chloroform and 1.35ml KCl

6) Leave in the freezer overnight to separate

7) Record the weight of the empty 35ml Quickfit test tubes and prewash the filter papers   
    with chloroform:methanol 2:1

8) Remove samples from the freezer and aspire the top layer, taking care not to disturb the  
    interface or the lower solvent layer

9) Filter the remaining solvent layer into the pre-washed test tubes

10) Evaporate the solvent using a stream of OFN

11) Cap the test tubes with foil and place in a vacuum desiccator overnight

12) Reweigh the test tubes containing the total lipid and calculate amount of lipid and 
      percentage lipid from the sample

13) Fill a glass screw-capped vial (2ml) with sample, flush with nitrogen and store at -20℃ 
       until further analysis is required
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4.3.3 Fatty acid analysis

After lipid extractions had been carried out, fatty acid analysis could then be undertaken to 

understand the lipid composition of each strain. Fatty acid analysis was performed according 

to the procedure described in Table 4.2, with this analysis being carried out on the strains 

described in section 4.3.1. Once these steps have been carried out, the samples can then be 

analysed using gas chromatography as outline in section 4.3.4.  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Table 4.2 Fatty Acid Methyl Ester (FAME) analysis procedure 

1) Using a pipette, place the equivalent of 1mg of total lipid into a 15ml Quickfit test tub

2) Add the equivalent of 1mg of IS into the test tub

3) Dry the sample under OFN

4) Add 1ml of toluene to help break down neutral lipid and add 2ml of methylation reagent 
(1% methanol in concentrated sulphuric acid)

5) Whirlmix to ensure sample is well mixed

6) Flush the tubes with OFN, stopper with a piece of tissue between stopper and tube, to 
allow release of gas when tube is heated

7) Place the samples overnight (16-18 hours) on a hot block at 50℃ 

8) Stop the reaction with 2ml of 2% potassium hydrogen carbonate

9) Add 5ml of isohexane:diethyl 1:1+ BHT (0.01%)

10) Stopper and shake, periodically releasing the stopper to prevent build up of CO2

11) Centrifuge at 1600 RPM for 2 minutes

12) Transfer the top solvent layer to a clean 15ml Quickfit test tube

13) Add another 5ml of isohexane:diethyl 1:1, stopper and shake once again

14) Spin as before and transfer the top layer across to a new tube

15) Dry the solvent layer down under OFN

16) Re-suspend in 100μl of isohexane and whirl mix

17) Using a 100μl Hamilton syringe, load the samples onto silica 20x20 TLC plates

18) Chromatograph the plates in isohexane:diethyl ether: glacial acetic acid (90:10:1)

19)  Visualise  the  FAME  bands  by  spraying  the  edges  of  the  plate  with  1%  iodine  in 
chloroform and mark the position of the doublet, leaving a margin of about 1.5cm above and 
below
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4.3.4 Gas chromatography

Once  FAME  derivitisation  had  been  performed,  samples  were  analysed  by  gas 

chromatography: GD-FID, to assess which fatty acids were present in each sample and their 

abundances. A Shimadzu GC-2014 Gas Chromatograph  ran the samples and in each case, 

0.1ml of sample and standards were analysed. Nitrogen was the carrying gas, with a Zebron 

ZB-WAX 30m column 30 m x 0.25 mm, with 0.25 μm film thickness being used throughout 

all the sample analysis. Samples were ran overnight in each case at a temperature of 220℃, 

with each sample being ran for 30 minutes. 

4.3.5 Photobioreactor set up for CO2 and air supplementation

Final  lipid analysis  was then performed on triplicate  samples  of  Pleurochrysis  sp.  CCAP 

944/4 and C.  carterae CCAP 961/5. These strains were subjected to 2% v/v CO2 and air 

supplementation throughout the full four weeks of cultures growing in the photobioreactor 

tubes. These strains were grown in 300ml of medium in 400ml glass bioreactor tubes in F/2 

(ASW) medium as described in Table 2.2, employed a 20% v/v inoculum and were incubated 

at 20℃, in a 12:12 light regime. To ensure glass bioreactor tubes were sterile before cultures 

were added, the tubes were autoclaved then acid washed. Analysis was performed after two 

weeks of growth, then after four weeks, in order to monitor the changes to lipid yield and 

composition over the lifecycle of Pleurochrysis and  Chrysotila.  During this time 45ml of 

material was harvested from triplicate flasks of each growing strain, which was then subjected 

to the analysis described above. The results from this experiment could then be compared to 

those acquired from samples grown under optimal conditions as described in section 4.3.1.  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20) Scrape the two bands off of the plate using a blade and place the silica in a clean 15ml 
quick fit test tube

21) Elute the FAME using 9ml isohexane:diethyl ether and 1ml isohexane:diethyl ether + 
BTH (0.1% w/v)

22) Stopper and whirl mix

23) Centrifuge at 1600 RPM for 5 minutes to sediment out the silica

24) Transfer the solvent across to a clean test tube and dry under OFN

25) Re-suspend the sample in 0.9-1.0ml isohexane and place the sample in autosampler 
vials

26) Store the FAME at -20℃ under nitrogen before running on GC
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4.4 Results

4.4.1 Dry weight and % lipid, plus pigments of Pleurochrysis and Chrysotila strains under 

optimal growing conditions

From the lipid  extractions  carried out  on Pleurochrysis  sp.  CCAP 944/4 and C. carterae 

CCAP 961/5, the dry weight of the biomass collected was recorded to allow the percentage 

lipid, plus pigments, for each strain to be calculated (Table 4.3). 

For  C.  carterae  CCAP 961/5,  throughout  the  four  week  culturing  period  of  initial  lipid 

analysis  experiments,  the  dry  weight  of  the  material  collected  always  increased, 

demonstrating cultures were healthy throughout the whole experiment and producing more 

cells. The amount of dry material harvested, on average, increased threefold from week one to 

week four, as cultures became denser. The total lipid percentage plus pigments showed an 

initial increase over the first two weeks, before declining in week three, then rising again in 

week four. The lipid percentage plus pigments ranged from 37.2% to 62% on average, over 

the triplicates sampled, over the full four week growing period.  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Table 4.3 Dry weight and lipid percentage of material harvested from growing cultures 
(Experiment 1)

Strain Week average dry weight of biomass 
per litre (g)

lipid plus pigment (% of 
dry weight)

C. carterae CCAP 
961/5

W1 6.88x10-2 (± 0.028) 37.2 (± 18.6)

C. carterae CCAP 
961/5

W2 1.3x10-1 (± 0.041) 62.8 (± 27.2)

C. carterae CCAP 
961/5

W3 1.98x10-1 (±0.1) 50.6 (± 22.1)

C. carterae CCAP 
961/5

W4 1.76x10-1(± 0.45) 45 (± 5.2)

Pleurochrysis sp. 
CCAP 944/4

W1 9.77x 10-2(± 0.01) 20.4 (± 1.4)

Pleurochrysis sp. 
CCAP 944/4

W2 1.78x10-1(± 0.052) 29.4 (± 11.1)

Pleurochrysis sp. 
CCAP 944/4

W3 2.66x10-1 (± 0.001) 18.5 (± 9.1)

Pleurochrysis sp. 
CCAP 944/4

W4 2.44x10-1(± 0.0018) 29.8 (± 12. 4)

[Note: the average dry weight was calculated from triplicate samples, from three different flasks, 
grown under the same growth conditions. The amount of lipid decreases from week two to week 
three possibly due to a reduction in the amount of pigment produced]
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From week one to week two, the overall biomass harvested increased from 6.88x10-2 g L-1to 

1.3x10-1 . The percentage of lipid harvested also increased from 37% to 63% from week one 

to week two. After three weeks of growth under optimal conditions, the amount of biomass 

harvested L-1 increased to 1.98x10-1 g L-1; however the percentage of lipid present in these 

cells had decreased to 50%. Finally, after four weeks of the growth the amount of biomass 

decreased  increased  (1.76x10-1  g  L-1);  however  the  percentage  of  lipid  from  these  cells 

decreased to 45%. Table 4.3 outlines these changes in more detail. 

Similarly Pleurochrysis sp. CCAP 944/4 demonstrated an overall increase in the amount of 

dry material harvested from triplicate flasks; however, a slight decrease in the dry weight 

recorded for week four could possibly be attributed to cells reaching stationary phase and 

beginning to die. Between weeks one to three, the dry weight of material collected increased 

twofold as the cultures became denser. Total lipid percentage plus pigments also demonstrated 

a similar trend to that describes for C. carterae CCAP 961/5. There was an initial increase 

from week one to week two, before decreasing again in week three, and increasing further by 

week four.  On average the lipid percentage plus pigments ranged from 18.5% to 29.8%.. 

From  week  one  to  week  two,  the  overall  biomass  harvested  increased,  as  well  as   the 

percentage of lipid harvested increased from 20% to 30% from week one to week two. After 

three  weeks  of  growth  under  optimal  conditions,  the  amount  of  biomass  harvested  L-1 

increased to its maximum (2.66x10-1 g L-1); however the percentage of lipid present in these 

cells had decreased to 18.5%. Finally, after four weeks of the growth the amount of biomass 

harvested decreased; however the percentage of lipid from these cells increased to roughly 

30%.  Table 4.3 outlines these changes in more detail.

From this initial analysis, it can be deduced that weeks two and four are the best times to 

harvest cells, as an appropriate amount of dry material is available to analysis, as well as 

optimal lipid percentages being observed within this time frame. Therefore, only these two 

time periods were monitored in future experiments. Similarly, from these results alone, it is 

thought  that  C.  carterae  CCAP 961/5  would  be  a  more  suitable  candidate  for  biofuel 

production due to the higher lipid percentages demonstrated from this experiment compared 

to those observed from Pleurochrysis sp. CCAP 944/4.

From the  data  presented  in  Table  4.3  Pleurochrysis  sp.  CCAP 944/4  would  be  the  most 

suitable  strain  to  be  applied  to  further  biofuel  production  due  to  the  higher  volumes  of 

biomass produced per litre of culture grown compared to those harvested from C. carterae 

CCAP 961.5. Throughout all four weeks of growth, the biomass harvested L-1 was always 

higher from Pleurochrysis sp. 944/4 (9.77x10-2 g L-1 compared to 6.88x10-2 g L-1 for week  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one, 1.78x10-1 g L-1 compared to 1.3x10-1 g L-1 for week two, 2.66x10-1 g L-1 compared to 

1.98x10-1 g L-1 for week three and 2.44x10-1  g L-1  compared to 2.33x10-1 g L-1 for week four.

Although  the  results  from  C.  carterae  CCAP 961/5  show  higher  percentages  of  lipids 

(between 37-63% compared to 18-30% in Pleurochrysis sp. CCAP 944/4), these values are 

much higher  than predicted  values  for  these  particular  species  (these  reach peak of  35% 

Moheimani and Borowitzka, 2006) there these values should be assessed with caution, further 

promoting why Pleurochrysis sp. CCAP 944/4 is more suitable for purpose.

In  secondary  lipid  analysis  experiments,  the  dry  weight  of  material  harvested  was  much 

higher than those observed in experiment one for C. carterae CCAP 961/5. The amount of dry 

material increased throughout the whole experiment, again demonstrating that this specific 

strain was healthy and growing well under the culturing conditions. From week two to week 

four, the amount of dry material harvested increased twofold. Lipid percentage plus pigments 

displayed a similar trend to those observed in experiment one, with similar percentages to 

those described in Table 4.3 being observed after two weeks of growth. However, in week 

four, the lipid percentage reported was much lower than those in experiment one, possibly 

owing to a difference in the stage of the lifecycle of cultures at the time of harvesting samples. 

The average lipid percentage over the three flasks ranged from 15.4% in week two to 57.5% 

in week 4. From this analysis, harvesting cells after two weeks of growth would be optimal 

for biofuel production. After two weeks of growth, the overall biomass harvested was 1.5x10-1 

g L-1, which then increased to 3.3x10-1 g L-1 after four weeks of growth. These results were 

higher than those recorded in experiment one (Table 4.3). The percentage of lipid harvested  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Table 4.4 Dry weight and lipid percentage of material harvested from growing cultures 
(Experiment 2)

Strain Week Average dry weight per litre 
(g)

lipid plus pigments 
(%)

C. carterae CCAP 
961/5

W2 1.5x10-1 (± 0.0063) 57.5 (±16.2)

C. carterae CCAP 
961/5

W4 3.3x10-1 (± 0.07) 15.5 (± 7.9)

Pleurochrysis sp. 
CCAP 944/4 

W2 2.1x10-1 (± 0.013) 24.5 (± 5.3)

Pleurochrysis sp. 
CCAP 944/4 

W4 4.6x10-1 (± 0.04) 16.6 (± 1.65)

[Note: the amount of lipid decreases from week two to week four possibly due to a reduction in the 
amount of pigment produced 
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was lower than those calculated from experiment one (Table 4.3) with the percentage of lipids 

decreasing from 24.5% to 16.6% from week two to week four compared to 24.5% to 29.8% in 

experiment one. Table 4.4 outlines these changes in more detail.

Pleurochrysis sp. CCAP 944/4 also demonstrated an increase in biomass throughout the four 

weeks of culturing, with the dry weight of material also increasing twofold from week two to 

week four, again reinforcing that cultures were healthy. Lipid percentage plus pigments for 

this specific strain were also similar to those observed in experiment one. After two weeks of 

growth  there  was  a  higher  percentage  of  lipid  than  those  reported  in  week  four.  When 

compared to the results of experiment one, week four lipid percentages were comparable to 

those observed in week three of the previous experiment. This could be due to to cultures not 

achieving the same point of their lifecycle, over the four week culturing period when samples 

were taken. The average range of lipid percentage plus pigments, over all triplicate flasks, was 

between 16.6% in week four and 24.5% in week four, again with week two being the optimal 

time for harvesting cells due to the larger dry weights and higher lipid percentages. After two 

weeks of growth, the overall biomass harvested was 2.1x10-1 g L-1, which then increased to 

4.6x10-1 g L-1 after four weeks of growth. These results were higher than those recorded in 

experiment one (Table 4.3). The percentage of lipid harvested was lower than those calculated 

from experiment  one (Table 4.3)  with the percentage of  lipids  decreasing from 57.5% to 

15.5% from week two to week four compared to 62.8% to 45% in experiment one. Table 4.4 

outlines these changes in more detail. 

Again, from these results, it is thought that Pleurochrysis sp. CCAP 944/4 would be a more 

suitable candidate for biofuel production due to the high lipid percentages demonstrated from 

this experiment, as again C. carterae CCAP 961/5 demonstrated less biomass L-1, and the 

values  of  lipid  percentage  seemed  doubtful  compared  to  the  literature  (Moheimani  and 

Borowitzka, 2006)

Cultures were grown in a photobioreactor in order to assess lipid percentage plus pigments 

and dry weights of algal biomass included the supplementation with 2% v/v CO2 and air to 

growing cultures.  Although Pleurochrysis sp.  CCAP 944/4 showed an increase in the dry 

weights harvested over the four week cultivation period, the changes were much lower than 

those observed in experiments one and two. It is obvious that both strains did not grow well 

with the addition of 2% v/v CO2 possibly due to the increase in pH to pH 9 in all strains 

grown, as well as causing the lipid percentage to drastically reduce in both cultures. However, 

the trend of week two containing higher lipid percentage than week four observed within the 

previous two experiments, was still apparent within this new study. C. carterae CCAP 961/5  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demonstrated  a  decrease  in  the  amount  of  dry  material  harvested  when  subjected  to 

supplementation of both 2% v/v CO2 and air, possibly due to a harvesting error caused by the 

clumping growth characteristics of this specific strain as described in section 2.4.3. The lipid 

percentage achieved within this experiment was not comparable to experiments one and two, 

however Pleurochrysis sp. CCAP 944/4, under air spurging had percentages closer to those 

observed in previous experiments. 

After  two  weeks  of  growth,  the  overall  biomass  harvested  from  cultures  that  had  been 

supplemented with air was 0.12x10-1 g L-1, which then decreased to 0.06x10-1 g L-1 after four 

weeks of growth. These results were lower than those recorded in experiment one (Table 4.3), 

with  biomass  being  harvested  dropping by  from 1.78-1 g  L-1 to  0.12x10-1 g  L-1,  and  from 

2.44x10-1 g L-1,  to 0.06x10-1 g L-1,  in week four with the addition of air  after two weeks 

compared to  optimal  conditions.  The  percentage  of  lipid  harvested  was  lower  than  those 

calculated from experiment one (Table 4.3) with the percentage of lipids decreasing from 22% 
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Table 4.5 Dry weight and lipid percentage of material harvested from growing cultures 
(Experiment 3)

Strain Week dry weight average per litre 
(g)

lipid % + pigments

C. carterae CCAP 
961/5 (air)

W2 0.16x10-1 (± 0.4) 5 (± 5.3)

C. carterae CCAP 
961/5 (air)

W4 0.21x10-1 12.5

C. carterae CCAP 
961/5 (CO2)

W2 0.1x10-1 (± 0.016) 6.2 (± 5.2)

C. carterae CCAP 
961/5 (CO2)

W4 0.1x10-1(± 0.42) 18.8 (± 7.2)

Pleurochrysis sp. 
CCAP 944/4 (air)

W2 0.12x10-1 (± 0.8) 22 (± 11.1)

Pleurochrysis sp. 
CCAP 944/4 (air)

W4 0.06x10-1 5

Pleurochrysis sp. 
CCAP 944/4 (CO2)

W2 0.166x10-1(± 0.28) 14.7 (± 4.2)

Pleurochrysis sp. 
CCAP 944/4 (CO2)

W4 0.09x10-1 (± 0.7) 5.2 (± 1.4)
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to 5% from week two to week four compared to 29.4% to 29.8% in experiment one for weeks 

two to four respectively. Table 4.5 outlines these changes in more detail. 

After  two  weeks  of  growth,  the  overall  biomass  harvested  from  cultures  that  had  been 

supplemented with CO2 was 0.166x10-1 g L-1, which then decreased to 0.09x10-1 g L-1 after 

four weeks of growth. These results were lower than those recorded in experiment one (Table 

4.3), with biomass being harvested dropping by from 1.78-1 g L-1 to 0.166x10-1 g L-1, and from 

2.44x10-1 g L-1,  to 0.09x10-1 g L-1,  in week four with the addition of air  after two weeks 

compared to  optimal  conditions.  The  percentage  of  lipid  harvested  was  lower  than  those 

calculated from experiment one (Table 4.3) with the percentage of lipids decreasing from 

14.7% to 5.2% from week two to week four compared to 29.4% to 29.8% in experiment one 

for weeks two to four respectively. Table 4.5 outlines these changes in more detail.

After  two  weeks  of  growth,  the  overall  biomass  harvested  from  cultures  that  had  been 

supplemented with CO2 was 0.1x10-1 g L-1, which was maintained to four weeks of growth. 

These results were lower than those recorded in experiment one (Table 4.3), with biomass 

being harvested dropping by from 1.3x10-1 g L-1 and 2.33x10-1 g L-1, to 0.09x10-1 g L-1, in 

weeks two and four with the addition of CO2 after two weeks compared to optimal conditions. 

The percentage of lipid harvested was lower than those calculated from experiment one (Table 

4.3) with the percentage of lipids increasing from 6.2% to 18.8% from week two to week four 

compared to 62.8% to 45% in experiment one for weeks two to four respectively. Table 4.5 

outlines these changes in more detail.

After  two  weeks  of  growth,  the  overall  biomass  harvested  from  cultures  that  had  been 

supplemented with air was 0.12x10-1 g L-1, which then decreased to 0.06x10-1 g L-1 after four 

weeks of growth. These results were lower than those recorded in experiment one (Table 4.3), 

with  biomass  being  harvested  dropping by  from 1.78-1 g  L-1 to  0.12x10-1 g  L-1,  and  from 

2.33x10-1 g L-1, to 0.09x10-1 g L-1, in week four with the addition of CO2 after two weeks 

compared to  optimal  conditions.  The  percentage  of  lipid  harvested  was  lower  than  those 

calculated from experiment one (Table 4.3) with the percentage of lipids increasing from 5% 

to 12.5% from week two to week four compared to 62.8% to 45% in experiment one for 

weeks two to four respectively. Table 4.5 outlines these changes in more detail.

In  that  Pleurochrysis  sp.  CCAP 944/4  would  be  a  more  suitable  candidate  for  biofuel 

production,  when  grown  in  a  photobioreactor,  due  to  the  higher  lipid  percentages 

demonstrated  from this  experiment  compared  to  those  observed  from C.  carterae  CCAP 

961/5, therefore making this strain much more suitable for commercial scale growth.  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4.4.2 Gas chromatography results under optimal growing conditions

In experiment one, the samples that were harvested weekly were analysed to understand the 

fatty acid components within the Pleurochrysis and Chrysotila cells and how this progressed 

through each strains  lifecycle.  The gas  chromatography (GC) results  of  Pleurochrysis  sp. 

CCAP 944/4  indicated  that  the  main  component  after  one  week of  cultivation  was  17:0, 

ranging between 40-58% of total FA content of the triplicate flasks sampled. The other major 

component  was  16:0,  ranging  between  12-22%  of  the  total  FA composition  of  samples 

between  all  triplicate  flasks.  Other  significant  fatty  acids  detected  were  18:0,  18:3(n-3), 

20:2(n-6), 16:1(n-7) and 10:0 (Fig. 4.1A). Results from samples of Pleurochrysis sp. CCAP 

944/4 harvested after  two weeks of  cultivation demonstrated similar  components  to those 

samples taken after one week of cultivation. Both 17:0 and 16:0 accounted for roughly half of 

all the FA within the samples; however, the amounts had decreases slightly compared to the 

samples taken from week one. The amount of 15:0, 16:1(n-7), 18:1(n-7). 18:3(n-3) 20:2(n-6) 

all demonstrated an increase from week one to week two, with the overall percentage of 18:0 

and 10:0 decreasing (Fig. 4.1B). Samples of Pleurochrysis sp. CCAP 944/4 taken after three 

weeks of cultivation also had the major components of 17:0 and 16:0. The percentage of 17:0 

increased compared to week two, demonstrating similar amounts of these particular FA to 

those observed in samples harvested in week one. The amount of 16:0 remained relatively 

constant throughout the three week growth period in which samples were harvested. Samples 

also  contained 16:1(n-7),  18:0,  18:1(n-7),  18:3(n-3)  and 20:2(n-6)  (Fig.  4.1C).  After  four 

weeks of cultivation, 17:0 and 16:0 were still the major components, with between 40-67% of 

the  total  fatty  acid  composition  being  made  up  of  these  two  FA.  Again,  18:1(n-7)  and 

18:3(n-3)  and  10:0  were  essential  components  that  were  found  composing  the  total  FA 

content,  between  the  triplicate  flasks  sampled  (Fig.  4.1D).  These  samples  displayed  the 

correct lipid compositions that would make them suitable for biofuel production which will be 

discussed further in section 4.5.

Samples of C. carterae CCAP 961/5 taken after one week of growth had a high abundance of 

17:0 (between 46-70%). with the rest being composed of 16:0, 15:0, 10:0 and 18:0, 18:1(n-7) 

and 18:3(n-3) as seen in Fig. 4.2A. From samples taken from week two showed a similar 

composition to those seen within week one. The majority of samples had a high abundance of 

17:0 (38%),  with 15:0,  16:0 and 18:0 all  still  being significant  components.  There is  the 

addition  of  20:2(n-6)  after  two  weeks  of  growth  that  makes  up  to  22%  of  the  overall 

composition of fatty acids contained within samples, as seen in Fig. 4.2B. These amounts then 

reduce in weeks three and four with the composition of fatty acids return to those observed  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within week one. The main components within these two weeks include; 16:0, 17:0, 18:0, 

16:1(n-7), 18:2(n-6) and 18:3(n-3) as displayed in Fig. 4.2C and Fig. 4.2D.  These results, 

although  displaying  some  of  the  components  needed  for  biofuel  production,  are  not 

completely suitable for biofuel production. This will be discussed further in section 4.5.  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Fig. 4.1 Fatty acid compositions and percentages of Pleurochrysis sp. CCAP 944/4. Fatty 
acid composition after (A) one, (B) two, (C) three and (D) four weeks growth under the 
optimal  growth  regime  as  described  in  section  4.3.1.  Note:  data  represented  has  been 
selected from the triplicate samples analysed, and the best representation of that sample has 
been selected. Proportions of 16:0 and 17:0 seem to stay constant throughout the four weeks 
of growth, with the main difference in cultures being the increasing amount of 18:0 as the 
cultures get older.
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Fig. 4.2 Fatty acid compositions and percentages of C. carterae CCAP 961/5. Fatty acid 
composition after (A) one, (B) two, (C) three and (D) four weeks growth under the optimal 
growth regime as described in section 4.3.1. Note: data represented has been selected from 
the triplicate samples analysed, and the best representation of that sample has been selected. 
Proportions of 17:0 seem to stay constant throughout the four weeks of growth,with 16:0 
decreasing in week two. The main difference in cultures is the addition of 20:5 (n-3) in week 
two and the addition of 18:2 (n-6) in week four.
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4.4.3 Gas chromatography results with the effect of CO2 and air spurging 

After two weeks of cultivation in the photobioreactors during experiment three, cultures were 

observed by microscopy to assess the effect that the supplementation of air and 2% v/v CO2 

had on the growing cultures of Pleurochrysis sp. 944/4 and C. carterae 961/5.

All of the samples, both from the air spurging tubes and the supplemented 2% CO2 tubes, 

harvested  from Pleurochrysis  sp.  CCAP 944/4,  demonstrated  evidence  of  free  coccoliths 

within the medium, as well as single calcite crystals, which had been removed from the inner 

calcite rim of coccoliths. C. carterae  CCAP 961/5 demonstrated less damage from the air 

surging and 2% v/v CO2 supplementation, suggesting that the coccoliths on these cells were 

mechanically stronger than those of Pleurochrysis sp. CCAP 944/4. The pH of these cultures 

was also monitored throughout this experiment to understand the effect that air and 2% CO2  

supplementation had on both Pleurochrysis sp. CCAP 944/4 and C. carterae CCAP 961/5. 

The pH differed in the 2% v/v CO2 supplemented cultures compared to the pH progression 

observed  in  section  2.4.2  (Fig.  2.5).  The  pH  of  these  growing  cultures  demonstrated 

reductions  to  pH 6.9  in  cases,  compared  to  those  previously  observed  in  cultures  under 

optimal  growing  conditions.  It  was  also  apparent  that  the  cultures  that  had  2% CO2 v/v 

supplementation had also been effected by some evaporation caused by the spurging of CO2, 

and in the most extreme cases, the first two tubes lost almost half of their volume during this 

experiment. These cultures also experienced the highest decrease in pH, resulting in death of 

cells.  

The GC results of Pleurochrysis sp. CCAP 944/4, that has been subjected to air spurging 

demonstrated a shift towards the presence of  longer chain FA compared to those observed 

within the first two experiments. After two weeks of cultivation, more than half of all the lipid 

components were made up of 10:0 with other major fatty acid components being 16:0, 18:0, 

22:1(n-7) 24:0, 20:3(n-3) and 20:5(n-3) (Fig 4.3A). Samples harvested after four weeks of 

growth of Pleurochrysis sp.  CCAP 944/4, with the supplementation of air, demonstrated a 

reduction in the total FA percentage of 10:0 (within FA profiles) with only a quarter of the 

overall composition being assigned to this particular FA. Other  major components were 15:0, 

18:0  16:1(n-4),  18:2(n-6)  and  18:3(n-6)  (Fig.  4.3B).  The  GC  results  from  samples  of 

Pleurochrysis sp.  CCAP 944/4 that had been subjected to 2%  v/v CO2 spurging for two 

weeks, still  had a similar FA profile to those observed from the analysis of samples from 

experiments one and two (see Fig. 4.1 and Fig. 2.3C), with 17:0 being the most abundant 

component within FA profiles. With the addition of 2% v/v CO2, there appeared to be a shift 

to longer chain fatty acids, with the addition of 20:0, 22:0 and 24:0 (Fig. 4.3C). Analysis of  
72



Chapter 4  Lipid analysis and the suitability of Pleurochrysis and Chrysotila for biofuel production

samples of Pleurochrysis sp. CCAP 944/4 that had been subjected to CO2 spurging for four 

weeks demonstrated a fivefold increase in the overall FA percentage of 10:0, with limited 17:0 

and 16:0 (Fig 4.3D). Furthermore, some new FA components were introduced into the lipid 

profile with the addition of 2% CO2, in comparison to experiments one and two including 

24:0, 22:2(n-6), 22:6(n-3) (fig. 4.3D).  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Fig.  4.3  Fatty  acid  compositions  and  percentages  of  Pleurochrysis  sp.  CCAP 944/4 
cultivated in a bioreactor, spurged with air or CO2. Fatty acid composition after (A) one, 
(B) two, (C) three and (D) four weeks growth under the optimal growth regime as described 
in section 4.3.5. (D) represents the fatty acid composition after four weeks of growth with 
CO2 supplementation, described in section 4.3.5.  The proportions of 10:0 decrease from 
week two to week four with the addition of air, with both 16:0 and 18:0 doubling from week 
two to week four. Longer chain FA are more abundant in the cultures sampled from week 
two. Samples that have been supplemented with CO2 show a large change in composition 
from weeks two to four, with 10:0 and 15: being the main components after four weeks of 
growth, where neither of these being present after two weeks of growth. The amount of 
longer chain FA also reduces from week two to week four. Note: data represented has been 
selected from the triplicate samples analysed, and the best representation of that sample has 
been selected.
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The GC results of air supplementation into cultures of C. carterae CCAP 961/5 also promoted 

a shift towards larger FA profiles in week two including 22:0, 24:0, 20:3 and 20:5, compared 

to  the  results  obtained  from initial  GC analysis.  More  than  half  of  the  overall  total  FA 

composition was attributed to 10:0, a FA that was not initially detected in experiments one 

and two (Fig. 4.4A). Samples harvested after four weeks of growth, that had undergone air 

supplementation,  demonstrated  a  reduction  in  the  overall  percentage  of  10:0  within  FA 

profiles compared to week two, with less than a quarter of the overall  composition being 

assigned to this particular component. Other important FA included 14:0, 16:0, 17:0 18:0, 

22:0 and 24:0 (Fig. 4.4B) which are desirable components for biofuel production which will 

be discussed further in section 4.5. 

Analysis of samples of C.  carterae  CCAP 961/5, that had been subjected to 2% v/v CO2 

supplementation for two weeks, demonstrated an unusually high percentage of 10:0 within the 

total FA profile when compared to experiments one and two. Over 60% of the total sample 

was composed of this short chain FA, with the remaining 40% being composed of longer 

chain FA such as 22:0, 24:0, 20:3 and 20:5 (Fig. 4.4C). After four weeks of cultivation, with 

the addition of 2% v/v CO2 , samples demonstrated a massive reduction in the amount of 10:0 

present, and in some cases lost this partial FA altogether (Fig. 4.4D), thus resulting in more 

unsaturated  carbon  chains  being  available,  resulting  in  a  higher  density  and  viscosity  of 

biodiesel  that  is  more  desirable  for  biofuel  production.  This  will  be  discussed  further  in 

section 4.5 (Schenk et al., 2008). Samples were mainly composed of 17:0 and 18:0, with both 

accounting  for  up  to  half  over  the  overall  total  FA  percentage.  These  samples  also 

demonstrated the addition of 18:2, 18:1 and 22:0, which composed the remaining half of the 

FA profiles (Fig. 4.4D).

When strains were grown in the photobioreactor, both Pleurochrysis sp. CCAP 944/4 and C. 

carterae CCAP 961/5 showed a negative response to the addition of  CO2  and air, making 

their lipid profiles unsuitable for biofuel production. This will be discussed further in section 

4.5.
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Fig. 4.4 Fatty acid compositions and percentages of C. carterae CCAP 961/5 cultivated 
in a bioreactor, spurged with air or 2%v/v CO2 . Fatty acid composition after (A) one, (B) 
two, (C) three and (D) four weeks growth under the optimal growth regime as described in 
section 4.3.5. (D) represents the fatty acid composition after four weeks of growth with CO2 
supplementation, described in section 4.3.5. The proportions of 10:0 decrease from week 
two to week four with the addition of air, with longer chain FA being more abundant in the 
cultures sampled from week four. Both 16:0 and 18:0 are only present in week four, a large 
contrast to the results in Fig. 4.2. Samples that have been supplemented with CO2 show a 
large change in composition from weeks two to four, with 10:0 being the main component 
after two weeks of growth. This then changes to no 10:0 being present at all after four weeks 
of growth under CO2  supplementation.The abundance of longer chain FA also increased 
from week two to week four. Note: data represented has been selected from the triplicate 
samples analysed, and the best representation of that sample has been selected.
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4.5 Discussion 

Algal lipids have an economic value due to the high amounts of polyunsaturated fatty acids 

they contain (Volkmar et al.,  1981). For strains of Pleurochrysis,  lipid contents have been 

described as being as high as 32-35% of the dry weight (Moheimani and Borowitzka, 2006). 

The lipid percentages reported by Moheimani and Borowitzka (2006), are higher than those 

observed in this study, even when cultures were grown under optimal conditions, without the 

addition of CO2 or air (Table 4.3; Table 4.4). It is possible that further growth optimisation 

could be carried out, in addition to that already reported in Chapter two, to therefore further 

increase  the  lipid  yield  of  both  Pleurochrysis  sp.  CCAP 944/4  and  C.  carterae  961/5. 

However, it is also possible that some of the other strains included at the start of this study, 

which were discounted due to lack of coccoliths or undesirable growth characteristics, may 

have been able to produce higher lipid contents compared to those analysed, and so could 

have  demonstrated  percentages  closer  to  those  reported  within  the  literature.  Therefore, 

further experimentation should be considered to fully understand the differences in lipid yield 

between different strains of Pleurochrysis and  Chrysotila in order to select the strain that 

could produce the greatest lipid percentages. The amount of lipid stored within each cell is 

important in the process of biofuel production, as the greater the amount of lipids contained 

within  cells,  the  higher  the  yield  of  biofuel  produced  at  the  end  of  the  process.  Lipid 

biosynthesis is usually regulated by environmental factors,  which is why the highest lipid 

amounts are usually observed under optimal cultivation regimes. Therefore, it is understood 

that cultures within this study were under optimal conditions for lipid production at weeks 

two and weeks four respectively. 

As previously stated in section 4.1, microalgae are capable of producing a range of lipids 

including triglycerides and glycolipds. Lipids are mainly synthesised during photosynthesis 

with the most abundant fatty acids being palmitic acid (16:0), stearic acid (18:0), oleic acid 

(18:1), linoleum acid (18:2), and linolenic acid (18:3). These main fatty acids components 

usually make ~45% of the overall lipid composition (Yoo et al., 2008). Similar components 

make up the fatty acid profiles of vegetable oils, as well as animal fats. Similarly, these can all 

be found as common constituents within the microalgal FAME analysis, with different species 

containing more substantial amounts of other fatty acids (Hoekman et al., 2012). From the 

results  collected in experiments one and two, C. carterae CCAP 961/5 was composed of 

~47% of these FA after four weeks of cultivation, making this particular strain suitable for 

biofuel production; however, before this point the accumulation of these fatty acids was not 

high enough to be utilised. Conversely, the fatty acid components of Pleurochrysis sp. CCAP  
76



Chapter 4  Lipid analysis and the suitability of Pleurochrysis and Chrysotila for biofuel production

944/4 were suitable from week one, with 45% of the overall lipid composition containing 

palmitic acid (16:0), stearic acid (18:0), oleic acid (18:1), linoleic acid (18:2), and linolenic 

acid  (18:3).  This  was  observed  throughout  the  whole  four  week  growing  regime  in 

experiments  one  and  two.  C.  carterae  961/5  demonstrated  the  higher  lipid  percentages 

throughout all experiments within this study (Table 4.3; Table 4.4; Table 4.5); however, from 

the results collected in Fig. 2.4, the cell size, when compared to Pleurochrysis sp. 944.4 was 

smaller, on average, by 0.5μm. Therefore, a larger cell size does not always guarantee a high 

lipid yield.

Although algal lipids display a similar composition and structure to the oils that are extracted 

from terrestrial plants for biofuel production, due a lower oxygen content and higher calorific 

value than their land based counterparts, microalgae are therefore more suitable for biodiesel 

production (Lari et al., 2016). 

Hydroprocessing algal lipids into renewable biodiesel causes an increase in the amount of odd 

chain  fatty  acids,  which  contradicts  the  initial  FAME analysis.  Biodiesel  is  produced  by 

undergoing transesterification, whereby the triglycerides react with methanol in the presence 

of a catalyst, to produce the fatty acid methyl esters (FAME) whilst producing a byproduct of 

glycerol (Hoekman et al., 2012; Lari et al., 2016). The quality of biodiesel is assessed on the 

cetane number, exhaust emission, heat of combustion, cold flow, oxidative stability, viscosity 

and lubricity. These properties are controlled by the structural characteristics of individual 

fatty acid alkyl esters (Huerlimann et al., 2010). A high cetane number (CN) is required to 

achieve a suitable biofuel product, which is controlled by the presence of larger, unbranched 

carbon changes that can be observed within the FAME analysis. With the presence of more 

double bonds,  the density and the viscosity of the biodiesel will  increase,  suggesting that 

lower chain lengths and unsaturated carbon chains are more desirable for biofuel production. 

For the optimal biodiesel quality, CN usually ranges between 40-50 (Schenk et al., 2008). The 

high abundance of unsaturated fatty acids present in Pleurochrysis sp. CCAP 944/4, indicate 

that this strain is more suitable for biofuel production than C. carterae CCAP 961/5 which 

was also analysed in this study. 

Due to the presence of polyunsaturated TAGs being present microalgal lipids,  there is  an 

increased  chance  of  oxidation  occurring,  thus  resulting  in  potential  issues  with  storage. 

However, this can be remedied through partial catalytic hydrogenation of the oil and keeping 

the  amount  of  polyunsaturated  fatty  acids  to  a  minimum in  order  to  reduce  the  rate  of 

oxidation (Schenk et al., 2008). 

77



Chapter 4  Lipid analysis and the suitability of Pleurochrysis and Chrysotila for biofuel production

Conversely,  these  polyunsaturated  fatty  acids  also  have  advantages,  lowering  the  melting 

point and the temperature at which the fuel solidifies, meaning there is less chance of fuel 

being caught in the filters of engines, a trait which is more common in lower temperature 

conditions (Schenk et al.,  2008; Lari et al.,  2016). However, this can be overcome by the 

including  additives to the final product (Hoekman et al., 2012).

The ideal ratio between fatty acid components of 16:1, 18:1 and 14:0 is 5:4:1, which would 

result in minimal oxidative potential whilst still maintaining a high enough CN (Huerlimann 

et al., 2010; Schenk et al.,  2008). In Pleurochrysis sp. CCAP 944/4, from week two onwards, 

in experiments one and two under optimal growth conditions, the ratio between these three 

components is close to being a 5:4:1 ratio, indicating that a high CN ratio, with low oxidative 

potential, is predicted for this strain. 

To  increase  the  quality  of  biodiesel  an  appropriate  mix  of  fatty  acids  must  be  selected. 

Similarly, algal species can be genetically modified to increase the potential for the correct 

combination of fatty acids to ensure the presence of those required for appropriate biofuel 

production (Huerlimann et al., 2010). 

As  algal  biofuels  products  are  still  not  economically  feasible,  the  potential  of  utilising 

byproducts is a way of adding value to biomass after lipid extractions have occurred. These 

include the likes of animal feeds and biochar (which was previously mentioned in section 1.7 

as a potential method of carbon sequestration). Due to the added value of Pleurochrysis and 

Chrysotila  bearing  extracellular  coccoliths,  this  calcium  carbonate  can  be  utilised  as  a 

byproduct  which  could  be  of  potential  economic  value  if  applied  to  environmental 

engineering processes outlined in chapter 5. However, the lipid content of these algal cells are 

valuable without the addition of the calcium carbonate material. 

Studies in raceway ponds and photobioreactors have demonstrated that the input of CO2 into 

cultures of Pleurochrysis, resulted in an increase in biomass production as well as coccolith 

production. However, the same study reports that Emiliania huxleyi demonstrates a reduction 

in both biomass and coccolith productions (Moheimani  and Borowitzka,  2011).  Increased 

amounts of CO2 promoted increased lipid values; however, decreased polyunsaturated fatty 

acid  abundances  (Carvalho and Malcata,  2005).  Although E.  huxleyi  is  thought  to  utilise 

bicarbonate, there are studies that suggest that Pleurochrysis is utilising CO2 as its primary 

source of carbon to carry out calcification and photosynthesis (Moheimani and Borowitzka 

2011). However, the Pleurochrysis and Chrysoltila strains used in this study did not respond 

to CO2 input as predicted by Moheimani and Borowitzka, (2011) and therefore may not be 

utilising CO2 as their source of carbon or the buffer used in the medium was not effective  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enough to control the change in pH caused by the input of CO2. Both Pleurochrysis sp. CCAP 

944/4  and  C.  carterae  CCAP 961/5  both  demonstrated  a  similar  response  to  Emiliania 

huxleyi,  by  displaying  a  reduction  in  the  biomass  collected  throughout  the  four  week 

bioreactor experiment. It is possible that the lower pH associated with the addition of CO2 in 

this study caused the growth conditions to become unsuitable for the sustainable growth of 

healthy cultures in the case of both strains. In the literature it is stated that Pleurochrysis is 

unable to grow effectively at pH less than 7.5 (Moheimani and Borowitzka, 2011), therefore 

the reduction in pH observed due to addition of CO2 was the likely cause of cultures being 

unsuccessful.  Further  experimentation  is  required  in  order  to  potentially  develop  a  more 

appropriate medium, with an appropriate buffer that will allow optimum growth conditions to 

be maintained for cultures being supplemented with CO2. Similarly, the addition of air also 

resulted in lower biomass being harvested from both strains. Therefore, it  is possible that 

environmental factors such as light intensity and length, temperature and health of cultures 

could all have been compromised in the bioreactor. To understand this more fully, further 

experimentation should be undertaken to optimise growth and fully understand the conditions 

needed for a commercial scale system, this will be explored further in chapter 5. 

From the data obtained,  it  was decided that  Pleurochrysis  sp.  CCAP 944/4 had the more 

suitable profile and characteristics for the production of biofuels. Additionally, it  responds 

more promisingly to the supplementation with CO2 and therefore should be considered for 

further  experimentation.  Furthermore,  it  has  coccoliths  and  should  be  considered  as  a 

potential carbon sink, that could help to reduce atmospheric CO2. The advantages to using this 

specific strain, as well as its commercial viability will be explored in the final chapter. 

Conclusions and Future work

• The composition and percentage lipid  yield  of  the  Pleurochrysis  and  Chrysotila  strains 

selected  from the most successful strains in chapter two were analysed with the changes in 

both composition and lipid yield being monitored over the life cycle of each strain. from 

this  Pleurochrysis  sp.  CCAP 944/4  was  found  to  be  more  reliable  and  efficient  lipid 

production ranging between 16%-30% under optimal growth conditions, and responding 

better to the supplementation of air and CO2 than C. carterae CCAP 961/5 (5%-22%).

• Furthermore, this can be attributed to a successful and suitable composition that can be 

applied to biofuel production. The addition of CO2 on the dry weight production of algae, 

its  lipid  production  and  composition  in  strains  of  Pleurochrysis  and  Chrysotila 

demonstrated a negative effect with growth rates decreasing, and lipid compositions being  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• unsuitable for purpose.  Therefore, future work could include researching the conditions 

needed to produce the highest volumes of lipid, whilst further understanding the optimal 

time to  harvest  the  biomass  to  have the  largest  volume of  suitably  composed lipid  for 

biofuel production to ensure the most valuable product is produced. Similarly, future CO2  

supplementation experiments could be carried out with a variety of buffers to understand if 

this can be utilised effectively by these algal species, as the regimes used in this study was 

unsuitable or the design of the bioreactor could be changed to enhance the results seen. 

However,  Pleurochrysis  sp.  CCAP  944/4  produced  high  biomass,  L-1  (2.44x10-1g  to 

4.6x10-1g) under optimal growth conditions whilst also producing a higher biomass with the 

addition of air and CO2 than 961/5 producing, 0.16 x10-1 g L-1 compared to 0.1x10-1 g L-1 

in the case of C. carterae CCAP 961/5.

• Furthermore, Pleurochrysis sp. CCAP 944/4 has the correct lipid profile suitable from week 

one under optimal growth conditions, with 45% of the overall lipid composition containing 

palmitic acid (16:0), stearic acid (18:0), oleic acid (18:1), linoleic acid (18:2), and linolenic 

acid (18:3). The ideal ratio between fatty acid components of 16:1, 18:1 and 14:0 is 5:4:1, 

which is observed in the FA analysis of these strains therefore, indicating that a high CN 

ratio, with low oxidative potential, is predicted for this strain, making it highly suitable for 

biofuel production.
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Chapter 5

Environmental engineering using Pleurochrysis and Chrysotila to 
reduce the amount of atmospheric CO2

5.1 Introduction

This chapters discusses potential environmental engineering applications of Pleurochrysis sp. 

CCAP 944/4 and C. carterae CCAP 961/5 and outlines the advantages and limitations to 

future  commercial  scale  production.  As described in  previous chapters,  understanding the 

implications associated with rising atmospheric CO2 levels, which have been observed in past 

periods of climate change, allows future climates to be modelled. Furthermore, understanding 

the natural processes that contributed to a “runaway” greenhouse effect in these periods of 

rapid warming, provides the key to understanding their application to present day engineering 

procedures to promote further CO2 drawdown. This chapter will focus on the importance of 

calcium carbonate production to promote CO2 drawdown, as well as the overall importance of 

the calcification potential of coccolithophorid algae. This will be reinforced by discussion of 

the application of commercial scale cultivation and the longer term economic feasibility of the 

approach. 

5.2  Climate  change  in  the  21st  century  and  understanding  past  climates  to  model  future 

climatic changes caused by rising greenhouse gas levels

As  previously  introduced  in  section  1.1,  anthropogenic  climate  change  is  now  widely 

accepted. This carbon, from greenhouse gas emissions, in a geological timescale, will return 

to the geosphere where it will ultimately be deposited as calcium carbonate, or organic matter 

(Zachos  et  al.,  2008).  To  understand  the  consequences  of  high  amounts  of  CO2  in  the 

atmosphere and to life on earth, previous episodes of high CO2 levels may be used as a proxy 

to understand future consequences. The most significant of these past climatic events occurred 

at  the  Palaeocene–Eocene  transition.  Similarly,  during  the  Mesozoic,  polar  regions  were 

generally ice free, with tropical and subtropical flora and fauna being located at high latitudes 

compared to present day (Jenkyns, 2003). The Cenozoic era provides the most compatible 

scenario to understand the relationship between climate and the carbon cycle today. During 

this era, climate was characterised by high concentrations of greenhouse gases, higher than 

those recorded in the present day, as well as higher global average temperatures (Zachos et 

al.,  2008).  These  climate  histories  have  been  modelled  by  carbon  and  oxygen  isotopes, 

therefore the rapid warming and its subsequent cooling can be monitored on a relatively  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accurate time scale (Jenkyns, 2003). It has been suggested that the shift to a cooler climate in 

these  time  periods  was  initiated  by  diminishing  volcanic  emissions  or  by  alterations  to 

celestial cycles, that changed the distribution of sunlight reaching the Earth (Olsen, 1986). 

Similarly, during this time, an increase in the amount of silicate chemical weathering naturally 

drew-down CO2, reducing atmospheric concentrations over long timescales. This enhanced 

weathering  is  a  natural  response  to  increased  temperatures  and  precipitation,  caused  by 

greenhouse  gas  accumulations,  which  ultimately  allows  for  the  termination  of  high 

temperature periods (Zachos et al., 2008). The interactions between all of these processes are 

outlined in Fig. 5.1. As today’s climatic are not due to natural climate switching, the potential 

of engineering processes that utilise natural or man-made processes must be explored in order 

to  combat  ongoing climate change and to  further  enhance CO2 drawdown,  which can be 

achieved by the production of coccoliths, such as those seen in this study. 
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Fig.  5.1  The  interactions  between  carbon  sinks  that  occur  in  nature,  and  how  they  are 
interlinked (Jenkyns, 2003). The deep ocean is the largest carbon sink occurring in nature with most 
systems feeding back to this final solution. Therefore, it illustrates that feedback loops and knock on 
effects are very important in storing carbon.  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The warming of ocean waters, caused by the increase in atmospheric temperature, will result 

in  a  decreased  rate  of  convection,  leading  to  limited  nutrient  circulation  and  carbon 

distribution (Zachos et al., 2008), which will in turn effect organisms such as Pleurochrysis 

sp. CCAP 944/4 and C. carterae CCAP 961/5 and other calcifying organisms. This will effect 

the potential of coccolith formation, which results in less CO2 being stored naturally over time 

in the form of deep sea carbonates, or CO2 removal from photosynthesis carried out by large 

blooms of these algal species. This all results in an altered carbon cycle and could potentially 

result in a runaway greenhouse effect. 

5.3 Utilising calcareous algae to combat rising CO2 amounts: a detailed study

5.3.1 The importance of coccolithophorid algae 

This study has already outlined in previous chapters,  that  coccolithophores could play an 

important  role  in  the  storage  of  carbon  and  can  potentially  be  used  as  a  tool  for  future 

bioremediation.  Microbial  decomposition  of  organic  carbon,  as  well  as  carbonate 

sedimentation  rates  from  microbial  activity,  are  two  processes  that  have,  as  yet,  been 

relatively unexplored. Both of these processes have positive feedbacks during times of rapid 

warming  caused  by  increased  carbon  input  (Zachos  et  al.,  2008).  Algae  are  naturally 

responsible for the drawdown and storage of CO2 as photosynthesis converts this to organic 

material. Furthermore, studies on coccolithophorid algae have demonstrated that these algal 

species have an influence on global climate (section 2.1), with E. huxleyi having the ability to 

alter the carbon flux of seawater, as well as creating alterations to heat exchange by causing 

light scattering (Buitenhuis et al., 1996). Similarly, an increased cloud albedo can be observed 

after blooms of this alga, due to increased amounts of dimethylsulfide (DMS) (Buitenhuis et 

al., 1996). If coccolithophorid algae are to reduce the amount of CO2, then the ratio of organic 

carbon to calcium carbonate must be 1:1, if this ratio is exceeded, then the concentration of 

CO2 in the surrounding environment will increase (Fig. 5.2) (Buitenhuis et al., 1996). There 

are three types of dissolved carbon present in seawater, which can be utilised by calcifying 

organism: CO2, HCO3 and CO3 (Thierstein and Young, 2013), therefore carbon should never 

be the limiting factor within the equations outlined in Fig. 5.2, thus ensuring calcification 

continues and allows carbon to be stored indefinitely within the production of coccoliths. 
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As previously discussed in section 3.1, the diploid stage of the lifecycle is when coccoliths are 

produced. These coccoliths are then responsible for the supply of carbon to the deep ocean, 

effectively creating a feedback and therefore a  way to control  atmospheric carbon levels. 

Although  algae  reduce  the  amount  of  CO2  in  the  atmosphere,  if  calcification  exceeds 

photosynthesis, then more CO2  will be released back into the atmosphere (Buitenhuis et al., 

2001). It is currently estimated that global calcite production ranges from 0.63-1.2 GT per 

year,  with  0.21-1.4  GT being  produced  by  calcareous  algae  alone.  Furthermore,  models 

predict that calcium carbonate sedimentation in oceans accumulates about 0.46 GT per year 

(Buitenhuis et al., 1996)

5.3.2 Commercial application of calcium carbonate material 

There  are  a  variety  of  commercial  applications  for  calcium  carbonate  which  could  be 

produced by large scale cultures of Pleurochrysis and Chrysotila, including lime production 

for  industrial  and  agricultural  purposes.  Lime  is  made  by  subjecting  calcium  carbonate 

material  to  thermal  decomposition in  a  lime kiln  at  temperatures  above 800℃  (Fig.  5.3)

(Gerald,  1971).  The production of lime generates CO2; however,  this can be contained to 

ensure that it does not escape into the atmosphere and could be potentially fed back into the 

algal culture, as a way to promote growth and further ensure the fixation of CO2. It has been 

estimated that lime manufacture produces 1% of the overall emissions of all CO2 globally, 

with 20% to 40% of this being from the burning of fossil fuels to heat the calcium carbonate 

containing raw material  (Meier et al.,  2005).  This lime can then be used for a variety of 

applications including; neutralisation and cleansing of drinking water, an additive in industrial 

products such as asphalt, or in the production of steel.  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Fig. 5.2 The conversion of CO2 in coccolithophorid cells. Rubisco fixes CO2 into organic 
carbon  within  cells  (1),  but  the  production  of  calcium  carbonate  produces  CO2 
intracellularly in coccolithophores (2). The ratio between the production of organic carbon 
and calcium carbonate determines wether CO2 levels decrease or increase. If equation 4 is in 
the ratio of 1:1 then CO2 amounts will decrease. Therefore the production of coccoliths on 
cells has the potential to reduce CO2  from the atmosphere and help to reduce the effects of 
climate change (Buitenhuis et al., 1996).
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However, the most widely accepted use for lime is in the agricultural sector as a method of 

raising soil pH (Anon4, 2016). The increase to the pH of soil to increase crop yields can have 

advantages to biofuel production, as it can improve crop yields of plants that are being grown 

for this purpose (Anon5, 2016). Furthermore, if lime is placed in surface soils and exposed to 

CO2,   then  it  will  undergo  the  reverse  chemical  reaction  (Fig  5.2),  and  encourage  the 

drawdown of CO2 from the atmosphere, thus helping to reduce overall atmospheric levels. In 

addition, lime can be used as an effective flocculant, to improve harvesting in algal biofuel 

production,  which  will  be  outlined  further  in  section  5.3.4.  These  byproducts  have  the 

potential to reduce overall production costs whilst increasing the applicability of the approach 

(Schenk et al., 2008).

5.3.3 Understanding natural processes of CO2 drawdown

As previously described, CO2 can be sequestered by a variety of natural processes, over a 

range of different timescales. These natural processes include ocean dissolution, neutralisation 

in deep sea carbonates and neutralisation reactions on land. The above all are interconnected,  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Fig. 5.3 Schematic diagraming outlining the stages of lime production  (Meier et  al., 
2005). Calcium carbonate material is subjected to multiple process including calcination, 
before it is further processed until it is in its final state. Although lime production can help in 
the effects against climate change the overall industrial process of production results in high 
quantities of CO2 being produced. 
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with each having an effect on the other (Archer et al., 1997). Dissolution within the oceans 

sequesters  the greatest  amount  of  CO2 with between 70-80% of  total  sequestration being 

stored by this approach (section 5.1). This is also the fastest way of storing carbon with a 

timescale of around 100 years (Archer et al., 1997). Weathering of calcium carbonate will, in 

addition,  act  as a long term, sustainable sink for anthropogenic CO2. These neutralisation 

reactions sequester 9-15% of available CO2; however, these processes occur on much longer 

timescales compared to dissolution within the oceans, taking between 5.5-6.8 thousand years 

(Archer et al., 1998). Weathering of these rocks at the surface also promotes the sequestration 

of CO2, this occurs on even longer timescales still. The carbonate chemistry of the oceans, 

which has direct contact with calcium carbonate material,  acts as buffer to encourage the 

higher weathering rates of basic igneous rocks,  helping to naturally drawdown more CO2 

from the atmosphere (Archer et al., 1997). It is clear that altering one of these systems will 

have a knock on effect to other systems, thus potential further increasing the amount of  CO2 

that can be sequestered. 

5.3.4 Applying environmental engineering approaches to natural concepts

Based on the understanding of natural processes of carbon sequestration, different approaches 

can  be  applied  in  order  to  develop  a  method of  utilising  the  calcium carbonate  material 

produced by coccolithophores, to promote further CO2 drawdown. The concept of burying 

large quantities of coccolith calcium carbonate, stems from the vast amounts of chalk beds 

that can be found worldwide. These chalk beds host both gas and oil reserves, as well as 

forming aquifers, supplying drinking water. Introducing large amounts of calcium carbonate 

into deep sea sediments would facilitate the rapid burial of organic material, resulting in the 

sequestration of carbon. Furthermore, the “building blocks” for future fuel sources would be  

generated  by  carrying  out  this  method.  The  buried  calcium  carbon  material  would 

theoretically  undergo neutralisation reactions,  as  well  as  Otswald ripening,  a  process  that 

causes small crystals to dissolve and grow into larger ones, thus expanding the potential of 

pore space and permeability for future oil and gas reserves (Hassenkam et al., 2011). 

A more predictable approach to to permanent sequestration of CO2 is the neutralisation of 

carbonic acids whereby carbonates or bicarbonates are formed. This process can also involve 

the addition of lime (see section 5.3.2). During these processes, natural weathering processes 

are  accelerated,  resulting  in  the  deposition  of  large  amounts  of  stable  minerals  (Lackner, 

2003). These stable minerals are either in the form of calcite, dolomite, magnesite or siderite. 

These minerals have a high abundance worldwide, and currently, 3.9x107 GT of carbon are  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being stored in carbonate rocks within the earths crusts, with the formation of these minerals 

being a major part of the carbon cycle (Oelkers et al., 2008). Gaillardet et al. (1999) predicted 

that  about  0.1  GT  of  carbon  are  bound  by  the  weathering  of  rocks,  and  by  naturally 

consuming the CO2 that humans produce, global levels could be diminished within 8000 years 

though this process alone. 

5.3.5 Quantifying the amount of calcium carbonate that is produced by Pleurochrysis  and 

Chrysotila and how this material could be generated in a biorefinery

Coccolith calcite is much denser than seawater (2.7kg per litre vs 1.024kg per litre), and will  

naturally sink to the deep ocean (Anon6, 2016). The fast sinking rates minimise the effect of 

bacterial  action,  resulting in carbon being effectively delivered to the deep ocean (Anon6, 

2016). From the data outlined in Table 3.8, quantifying calcium carbonate amounts in strains 

of Pleurochrysis and Chrysotila, it is predicted that Pleurochrysis sp. CCAP 944/4 is capable 

of producing 0.16g L-1 of calcium carbonate material, with C. carterae CCAP 961/5 being 

able to produce 1.7g L-1 of calcium carbonate. However, under optimal growth conditions 

these amounts could be doubled (as described in Chapter two), with Pleurochrysis sp. CCAP 

944/4 being able to produce 0.3g L-1 and C. carterae CCAP 961/5 being able to produce 3.4g 

L-1 respectively. If this material were to be collected within a biorefinery production system, 

then large scale cultures could be subjected to a pH decrease, before cultures were then raised 

to optimal growing pH as outlined in section 3.3.4. This hypothetically, would result in the 

removal of coccoliths from the cells, but also allow for the continual growth of these cultures 

ensuring biomass could be utilised for other purposes. Therefore, cells should still be capable 

of  producing a  further  complete  coating  of  extracellular  coccoliths,  as  a  response  to  this 

removal, meaning the amount of calcium carbonate material that could be collected could 

potential  be doubled after  just  one pH reduction treatment.  Similarly,  if  the cells  recover  

relatively quickly, the cells could theoretically be subjected to this treatment more than once, 

over the four week growth cycle (Chapter 2), which could result in up to 13.6g L-1 of calcium 

carbonate material being harvested from C. carterae CCAP 961/5 and 1.2g L-1 of calcium 

carbonate material from Pleurochrysis sp. CCAP 944/4. As coccolith calcite is denser than the 

medium which cultures are grown in, the collection of calcium carbonate material could be 

facilitated by the addition of a filtering system that would allow coccoliths to effectively pass 

through and be collected separately from cell  biomass.  However,  this  process would also 

require an energy input that would have an associated financial effect on the overall process. 

This could be effectively applied to Pleurochrysis cultivation as the cells are larger than most  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microalgae, with coccoliths being roughly 1μm in size (Fig. 3.3). This material would then 

have to be dried before being applied to a range of different applications (see sections 5.3.2 

and 5.3.4), therefore adding value to the biomass that would then be further processed in order 

to produce biodiesel (Fig. 5.4). It is also possible to develop these two processes of biofuel 

production and coccolith collection separately, as they both have economic value. 

5.4 Culturing methods utilised in commercial scale production- open ponds vs closed systems

5.4.1 Introduction to commercial scale production

The major limitation for the production of biofuels from microalgal lipids is the economic 

feasibility, both because cost and productivity are currently unable to fulfil demand. However, 

it is possible, with improved technologies and knowledge that in the future, these processes 

will  be  achievable.  Laboratory  conditions  can  not  always  be  recreated  when  upscaling 

projects. Further issues with production include, cultures contamination and basic 
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Fig. 5.4 Flow diagram outlining the potential production of algal biofuels and collection of 
calcium  carbonate.  This  highlights  the  potential  uses  for  algal  biomass  and  the  associated 
coccoliths  and  how these  can  be  utilised  in  order  to  further  fight  climatic  changes,  as  well  as 
providing clean and sustainable energies. Furthermore, it highlights how the system can feed back 
into itself, reducing the amount of CO2 output. 
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environmental  factors,  such  as  light  and  temperature  cannot  be  as  accurately  monitored. 

However, it is possible to subject the lipids stored within algal strains to manipulation in order 

to enhance their yield and improve their future economic viability, by altering the nitrogen 

concentration in cultures (Lari et al., 2016).The main methods of culturing on a commercial 

scale  involve  either  pond  systems  or  photobioreactors.  In  both  of  these  cultivation 

environments,  turbulence  is  important  for  the  mixing  of  cultures,  especially  for 

coccolithophorids, as air promotes flotation of the heavy cells (Singh et al., 2011; Moheimani 

and Borowitzka,  2011).  With constant  maintenance,  the temperature can be regulated and 

nutrient  levels  can  be  keep  at  an  optimum,  promoting  higher  growth  rates  and  shorter 

doubling times, thus improving the overall yield (Roleda et al., 2013; Friedl and Day, 2005). 

Open  pond  systems  have  been  the  main  method  for  commercial  scale  algal  production; 

however,  in  recent  years  there  has  been  a  shift  towards  closed  systems,  employing 

photobioreactors (Chisti, 2007). Raceways ponds have been used since the 1950’s and are 

usually no deeper than 0.3m deep, with mixing usually being achieved by a paddlewheel. 

Starter  cultures  are  continuously  feed into  the  pond systems,  with  biomass  usually  being 

harvested after a single batch of algae has been grown (Chisti, 2007). The main factors that 

must  be  monitored  within  pond  systems  include  the  amount  of  turbulence  and  nutrient 

availability. However, because of their controllability, photobioreactors are more suitable for 

the cultivation of single algal species over longer time periods (Chisti, 2007). Temperature 

and pH must be regulated to the specific conditions suitable for the algal,  to produce the 

optimum  yield  (Grobbelar,  2009)  with  this  level  of  control  being  more  achievable  in 

photobioreactors.

5.4.2 Open systems vs closed systems

Open ponds are the method of choice for the large scale production of biofuels (Schenk et al., 

2008).  The most  commonly utilised design within open systems is  a  raceway pond,  with 

optimal productivity reaching between of 60–100mg L−1, day−1 of biomass. Raceway ponds 

are considerably more expensive to construct due to the different components of infrastructure 

that are needed to ensure appropriate mixing and maintenance. The major issue associated 

with  open  systems  is  the  interaction  with  the  atmosphere,  which  can  result  in  unwanted 

evaporation.  At  present,  pond  systems  tend  to  be  dominated  by  up  to  six  species  that 

demonstrate good growth characteristics, resistance to predators and tolerance to high levels 

of  oxygen (Schenk et  al.,  2008).  Typically Dunaliella salina,  Spirulina  and Chlorella  are 

grown this way (Borowitzka, 1999). It is possible to grow single species in open pond  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systems if the are capable of outcompeting all other species within the system (Schenk et al., 

2008). This is more commonly due to their tolerance to more extreme pH and/or osmotic 

potential. Moheimani and Borowitzka (2006) reported that under optimal growing conditions 

in outdoor raceway ponds,  0.19g L-1,  d-1  of dry biomass could be achieved for strains of 

Pleurochrysis.  From  the  data  collected  within  this  study  (Chapter  4;  Table  4.3),  both 

Pleurochrysis. sp CCAP 944/4 and C. carterae CCAP 961/5 demonstrated comparable results 

to  the  strains  grown  within  raceway  ponds.  C.  carterae  CCAP  961/5  was  capable  of 

producing between 6.88x10-2 g L-1 to 1.98x10-1 g L-1 over a period of four weeks of growth 

under  optimal  conditions  and  Pleurochrysis.  sp  CCAP 944/4  was  capable  of  producing 

between 9.77x10-2 g L-1 to 2.33x10-1 g L-1 for 944/4 over a period of four weeks of growth 

under optimal conditions.  Therefore it  can be predicted that  these cultures are capable of 

producing 60 tonnes of usable biomass per hectare, per year based on the work of Moheimani 

and Borowitzka (2006). Furthermore, higher dry weights were recorded for Pleurochrysis sp. 

CCAP 944/4 compared to those reported by Moheimani and Borowitzka (2006), therefore up 

to 100 tonnes of biomass could be harvested for this  specific strain per hectare per year. 

Closed culturing systems are more controllable compared to their counterparts, as they are not 

effected by evaporation, therefore are less affected by water loss and have potentially less 

energy required to maintain cultures. The common design for these systems including: tubular 

plate or bubble column reactors (Fig. 5.5).

Fig. 5.5 The most common designs of closed bioreactor culturing systems (Schenk et al., 
2008) All of the above systems are designed to optimise the area that light can penetrate in 
order to ensure optimal culture conditions, therefore helping to reduce the costs of energy 
needed to produce the biomass needed for biofuel production. 
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The design of photobioreactors is usually based around optimising the light availability. These 

systems have  been reported  to  achieve  up to  0.047g of  dry  biomass,  L-1  d-1  dry  weight. 

However, if light levels are too high for the specific algal strain being grown, photoinibition 

can  occur,  which  limits  the  cultures  growth.  Mixing  is  also  an  important  process  within 

photobioreactors as it prevents sedimentation, as well as allowing an even distribution of CO2 

and O2 (Schenk et al., 2008). Although these designs optimise growth of cultures, they are 

still  too expensive to  be viable  options for  sustainable  biofuel  production (Schenk et  al., 

2008);  however  they  are  suitable  for  higher  value  products.  From  the  data  reported  by 

Moheimani  (2005),  up  to  0.54g  of  biomass  was  produced  L-1,  day-1,  per  day,  under 

photobioreactor cultivation for strains of Pleurochrysis.  However,  the results in this study 

(Table  4.5),  suggested  that  it  was  impossible  to  achieve  this  higher  biomass  per  litre. 

Pleurochrysis sp. CCAP 944/4 had yields of up to 1.66g L-1 (dry weight) when cultivated 

within the bioreactor tubes over a four week period and C. carterae CCAP 961/5 was capable 

for producing up to 1.93 L-1 (dry weight) when cultivated within the bioreactor tubes, also 

after a four week period. If this was per day, these cultures could produce up to 240 tonnes of 

of usable biomass, according to the calculations of Moheimani and Borowitzka (2006).

5.4.3 Advantages to hybrid systems

By  creating  a  hybrid  system,  the  advantages  of  an  open  pond  system  and  closed 

photobioreactors  would  be  combined,  resulting  in  a  cultivation  system that  is  more  cost 

effective. Photobioreactors offer greater control over starter cultures, and typically produce 

the inoculum for open ponds. Once this initial inoculum has been transferred from the high 

nutrient  conditions of the photobioreactor,  to the pond system, cultures should be able to 

sustain growth without the addition of more nutrients. By following this approach, the costs of 

both  chemical  input  and  energy  can  be  optimised,  as  solar  energy  is  utilised.  Biofuel 

production on a commercial scale usually involves multiple upscaling bioreactors to ensure 

sufficient  inoculum is  generated to  supply pond systems.  To encourage minimal  financial 

input, the design of the bioreactors should be simplistic, as the culture volumes increase to 

allow for the maximum output financially (Schenk et al., 2008). Smaller bioreactors should be 

kept axenic, or at least uni-algal, to ensure the maximum output of cultures, and thus the 

initial starting cultures will always be clean. To effectively supply the rest of the chain, a fast 

growing species must be selected from the inoculum stage (Schenk et al., 2008). In this study 

(Chapter 2) relatively slow growth was observed; however, with more transferring, better 
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levels  of  growth  were  obtained.  The  initial  lack  of  growth  may  be  an  artefact  of  the 

maintenance regime used in CCAP (Day, personal comment). 

4.4 Harvesting of biomass; advantages and complications

Cultivated algal biomass must be harvested and for most applications, dried. This requires 

time and energy, which has to be assessed when calculating the financial viability of algal 

biofuel production. Reported methods of harvesting include flocculation, micro-screening or 

centrifugation. Appropriate strain selection may reduce the cost of harvesting processes, as 

larger cells that can be flocculated require less energy to be harvested. Filtration is the most 

cost effective approach for commercial scale production, although commonly, it is limited to 

colonial microalgae or larger species (Schenk et al., 2008). However, filtration can result in 

more maintenance costs due to the clogging of filters. This approach allows the medium to be 

recycled in most cases and can therefore be used again for further cultivation, thus reducing 

the  overall  cost  of  production.  Although  centrifugation  is  employed  in  laboratory  scale 

experiments, such as this study, it is too expensive and energy intensive to be viable for large 

scale  commercial  scale  production of  algae for  relatively  low value products  of  biofuels. 

Estimated energy input into a single harvesting event are thought to be 3,000 kWh/ton. In 

open systems, the most cost-effective option for harvesting biomass is by flocculation. As 

previously discussed in section 5.3.2, lime can be used as an effective flocculant, and as a 

byproduct of Pleurochrysis and Chrysotila cultivation, could potentially be fed back into the 

system, optimising the harvesting potential of biomass and therefore adding value to the final 

product may make the process more financially viable (Fig. 5.4). However, the addition of any 

chemicals can limit further use of biomass, including the production of animal feeds due to 

the presence of chemicals. The potential for self-flocculation has been explored by creating 

carbon limitation  within  cultures,  or  shifting  the  pH of  growing cultures.  Bioflocculation 

could be a cost effective way of reducing harvesting costs, with species being selected on 

their natural reaction to environmental stimuli such as pH or nitrogen limitation. Species of 

Pleurochrysis and Chrysotila may be suitable for this treatment, as a drop in pH may cause 

the coccoliths to be removed as described in section 3.3.4, whilst ensuring remaining biomass 

is close to the surface to allow for easy harvesting potential. The drawbacks to this method is 

the unpredictability of flocculation, as it is a natural process and may potentially occur at any 

time. 
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5.5 Assessing the financial viability of this study

As previously discussed, for algal based biofuels, most upscaling issues are related to the 

availability  of  nutrients  and  light.  In  addition,  the  maintenance  of  temperature  and 

contamination  also  need  to  be  considered,  with  power  input  also  being  a  further  issue 

associated  with  the  operation  of  photobioreactors  (Moheimani  and  Borowitzka,  2006). 

However, once upscaling has been achieved, the production costs reduce dramatically (Chisti, 

2007).  Richardson  et  al.  (2010)  explored  production  costs  within  typical  large  scale 

cultivation based on the current optimal practices. The optimal production of algal biomass, to 

ensure  financial  feasibility  has  been  predicted  as  being  between  3.2-6.6g  L-1  d-1,  with 

production being undertaken up to 365 days of the year. Similarly, oil contents must range 

between  15-77%,  with  labour  costs  being  estimated  between  $0.0056-0.04  kg-1  of  algal 

biomass. Overall water and medium costs range between $0.01-0.294 and $0.0190-0.5883 per 

m3 respectively, with up to 2.5cm being lost to evaporation each day (Table 5.1). In 2010, the 

market  price  for  algal  biomass  was £250 per  kg,  which is  much higher  than the  cost  of 

production of biomass (Anon7, 2016). 

To ultimately reduce the overall costs, further research is required on the efficiency of the 

bioreactors by optimising the design, understanding optimal cultivation conditions, assessing 

further strains of algae for stability to biofuel production all need to be further assessed to 

ensure these processes can be financially viable (Anon7, 2016).

When this is compared to other methods of biofuel cultivation, the input and harvesting costs 

exceed the final price. Palm, soybean and rapeseed oil based biodiesel are all in the threshold 

of being an affordable options, with most of the biofuel in use today being composed of these 

initial products. The main concerns with these crop based fuels is the competition for space, 

which in future may cause the price to exceed what it is today. By using algae or yeast based 

biofuels you are ensuring valuable from land is not used. Although yeast based biofuels are 

more  achievable  today  compared  to  their  algal  counterparts,  they  still  have  to  undergo 

modifications  to  their  enzymes  that  control  lipid  metabolism  and  composition.  These 

processes still require energy, but less financial input than algal based biofuels, meaning that 

yeast based biodiesel is the next financial option after crop based fuels (Beopoulous et al., 

2011).
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5.6 Conclusion 

This  project  has  ultimately  assessed the  growth characteristics,  as  well  understanding the 

optimum growth conditions of strains of Pleurochrysis and Chrysotila, to effectively select 

the best strains for large scale cultivation (Chapter 2). Chapter two assessed the initial strains 

supplied by The Culture  Collection of  Algae and Protozoa (CCAP),  for  desirable  growth 

characteristics in order to select the optimal strains for future experimentation. From this work 

there were four strains that were selected due to their reliable growth rates, high biomass 

output  as  well  as  optimal  growth characteristics  to  improve harvesting  potential  of  cells. 

These included Pleurochrysis sp. CCAP 944/4, C. carterae CCAP 961/2, C. carterae, CCAP 

961/1 and C. carterae CCAP 951/5. These cultures were then subjected to numerous growth 

optimisation experiments to understand the growing conditions for these selected cultures, 

including temperature and pH regimes and from the results obtained these conditions were 

found  to  be;  100ml  of  F/2  medium,  in  250ml  Fisherbrand  glass  flasks  with  a  20% v/v 

inoculum (This can be scaled up appropriately if needed on a larger scale). Flasks should be 

maintained by optimally subculturing every two weeks to ensure cultures are started with 

optimal cell numbers, whilst also ensuring axenic conditions. Again, subculturing should also 

employ a 20% v/v inoculum. Flasks should be incubated in a 20℃ 12:12 day to night light 

regime and be  grown in  F/2 growth medium (as  described in  Table  2.2).  From this  the 

limitations of strains of Pleurochrysis and Chrysotila were understood and with the results 

taking into consideration how this will effect their suitability for future experiments.  

Chapter  three  focused  on  understanding  the  morphology  and  structure  of  coccoliths  and 

coccospheres  under  normal  cultivation  conditions,  and  from  this,  calcium  carbonate 

abundance per cell  could be calculated. It  was realised that these coccoliths could not be 

treated as other coccolithophores are treated to analysis and view these cells under SEM, 

therefore an appropriate  method had to  be developed.  from this  coccoliths  could then be 

counted,  with  the  results  as  following:  Pleurochrysis  sp.  CCAP  944/4  had  3.508x107 

coccoliths ml-1 and C. carterae CCAP 961/5 had 2.04x107 coccoliths ml-1 .This worked out 

between 50-250 coccoliths per cells for each strain. By using these results as standard, the 

effect  that  a  decrease  in  pH  had  on  the  morphology  and  abundance  of  coccoliths  was 

investigated with the results showing that a dramatic drop in pH to pH 6 caused cells to burst, 

coccoliths to dissolve and coccospheres to become incomplete. This dramatic effect could 

come into play with the ever increasing effect that ocean acidification is having, therefore 

future research into calcification potential of these organism under however pH levels must be 

investigated, with the results being noted. Further research into the stimulus for coccolith  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production  and  removal  could  be  investigated  to  improve  our  understanding  of  these 

processes  to  ensure  both  the  calcium carbonate  material  and the  biomass  can  be  utilised 

completed from these strains. 

Chapter 4 focussed on the composition and percentage lipid yield of the Pleurochrysis and 

Chrysotila  strains  selected  from  the  most  successful  strains  in  chapter  two.  From  this 

Pleurochrysis sp. CCAP 944/4 was observed to have the correct lipid profile with 45% of the 

overall lipid composition containing palmitic acid (16:0), stearic acid (18:0), oleic acid (18:1), 

linoleic acid (18:2), and linolenic acid (18:3). The ideal ratio between fatty acid components 

of 16:1, 18:1 and 14:0 is 5:4:1. This can be attributed to a successful and suitable composition 

that can be applied to biofuel production. The addition of CO2 on the dry weight production of 

algae,  its  lipid  production  and  composition  in  strains  of  Pleurochrysis  and  Chrysotila 

demonstrated a negative effect with growth rates decreasing, and lipid compositions being 

unsuitable  for  purpose.   Therefore,  future  work  could  include  researching  the  conditions 

needed to produce the highest volumes of lipid, whilst further understanding the optimal time 

to harvest  the biomass to have the largest  volume of  suitably composed lipid for  biofuel 

production  to  ensure  the  most  valuable  product  is  produced.  Similarly,  future  CO2  

supplementation experiments could be carried out with a variety of buffers to understand if 

this can be utilised effectively by these algal species, as the regimes used in this study was 

unsuitable. 

From this work, the advantages of using a biorefinery approach result in all of the biomass 

being utilised, which helps to reduce the overall cost of production (Chisti, 2007). Ratledge 

and  Cohen  (2008)  reported  that  the  overall  cost  of  production  of  Pleurochrysis,  within 

raceway ponds, is between $800 per tonne to $21000 per tonne of biomass recovered, with the 

lower figure being attributed to oil yields of 110 tonnes, ha-1 yr-1. A substantial amount of this 

is predicted cost is attributed to capital charges (up to $200 per tonne). Similarly, operating 

costs can be estimated at around $15000 ha-1 (Ratledge and Cohen, 2008), therefore barrels of 

biodiesel cannot as yet be produced for less than $220 per barrel (Reboredo et al.,  2016) 

compared to petroleum products which are between $50-100 based on supply ad demand 

markets (Mi et al., 2017).To successfully sequester 1% of the current CO2 emissions, 0.4 GT 

of carbon must be removed from the atmosphere (IPCC report, 2014). Most algal strains are 

capable  of  fixing 1g of  carbon for  every  2g of  biomass that  is  produced (Sayre,  2010). 

Therefore, based on the data presented within this study, to sequester 1% of CO2 emissions, 20 

GT of biomass must be produced. If this material was grown in open pond systems, at a rate 

of 0.19g of biomass per litre, per day (Moheimani and Borowitzka, 2006; Table 4.3), thus  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resulting  in  the  production  of  60  tonnes  of  useable  biomass  per  hectare,  per  year,  pond 

systems would require 3.33x106 km2 land mass, which is equivalent of pond systems covering 

roughly double the landmass of Libya (Anon8 , 2016). Estimates from this project suggest that 

up to 10 GT of carbon can be further sequestered by the formation of coccoliths under optimal 

growth conditions, therefore reducing the overland area required. These estimates are 10x 

greater  than  the  modelled  natural  global  CO2  drawdown from natural  calcium carbonate 

formation (Buitenhuis et al., 2011). According to the Kyoto protocol: a permit that represents 

the right to emit one tonne of CO2 that can be traded for money, which would result in 4x108 

of  traceable  carbon  credits  for  1% of  the  total  CO2 emissions  worldwide  (Anon9,  2016). 

Therefore, from these calculations, the financial viability of this project, and the amount of 

land needed to successfully sequester 1% of global CO2  emissions is still not a viable option 

due to the scale required, and financial complications outlined above. However, it may be 

possible in the future if the financial cost was reduced. Future research into these issues is 

needed to ensure that the optimal yields and minimal pond space results in the maximum algal 

biodiesel production as well as sequestering the maximum amount of carbon.

5.7 Future Research

From the data  generated on the algal  strains  studied in  this  project,  it  would appear  that 

Pleurochrysis sp. CCAP 944/4 was the most suitable strain to be used for the production of 

biofuels, as it had good growth characteristics and optimal yields of lipid, that can undergo 

conversion into biofuels. The lipids it produces are appropriate for biodiesel production, thus 

supplying a product that would be suitable for petroleum based infrastructure. Furthermore, 

the presence of coccoliths could further enhances the drawdown of atmospheric CO2 levels, as 

they can be utilised into environmental engineering processes as well as being used as an 

effective byproduct to enhance the harvesting potential of biomass. By understanding these 

processes more fully, the overall production costs of algae could be reduced, as well creating a 

byproduct that can be utilised further in order to enhance  CO2 drawdown further aiding in the 

fight  against  climate  change.  Ultimately,  to  have  a  real  effect  on  climate  change,  the 

production scale would have to be much larger than that of today, if it was ever to be possible, 

with  research  being required  before  technical  and economic  viability  can  be  successfully 

achieved.

Based on the work undertaken, as well  as the reposted financial  and technical  drawbacks 

described, the main areas to focus further research include:
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• Further growth optimisation of Pleurochrysis and Chrysotila, including the strains that were 

initially discounted due to lack of coccoliths, in order to understand if these strains display 

more  appropriate  lipid  profiles  than  those  outlined  in  Chapter  4.  This  could  include 

developing media, which could optimise the growth rate and doubling times of cultures. 

Similarly, a greater understanding of the different growth characteristics would ensure that     

harvesting procedures were simpler in future production.

• Understanding the environmental stimuli that induces coccolith removal, and how many 

times this can be carried out over the lifecycle of cells to ensure the maximum output of 

calcium carbonate material from each cultures, thus facilitating the maximum amount of 

carbon to be sequestered for environmental engineering processes such as those outlined in 

section 5.3.2 and 5.3.4. Furthermore, the processes of coccolith production and calcification 

potential under higher CO2 conditions could be modelled, as well as the CO2 sequestered to 

understand the time scale and overall effect that carbon sequestration by coccolithophorid 

algae could have on contesting future climate change.

• Optimising the lipid profiles of Pleurochrysis  and Chrysotila  to ensure lipid percentages 

were  constant  over  the  whole  cultivation  period,  with  the  correct  ratios  of  fatty  acid 

components for biofuel production. Potentially genetic modification to cells could achieve 

this

• Further research into the addition of CO2 and the optimal culturing regime in bioreactors 

could  be  assessed  to  allow  an  appropriate  medium,  that  ensures  pH  7.5  and  above  is 

achieved throughout all  stages of growth to to ensure high quality an quantity of lipids 

produced throughout both Pleurochrysis and Chrysotila lifecycle’s. 

If the above were resolved, this could potentially have a substantial influence on the efficiency 

of commercial scale production and their overall economic viability. 
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