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Abstract 

Phaeodactylum tricornutum is a polymorphic marine diatom and can undergo 

morphological conversions between cell morphotypes, mainly fusiform, 

triradiate and oval. However, limited information is available about the 

conditions that can be used for controlling cell morphology and maintaining a 

specific cell morphotype with high growth rate and biomass productivity. In 

this study, the effects of culture medium and culture age on morphological 

changes in P. tricornutum were first investigated. Mann and Myers’ medium 

was identified as eliciting significant morphotype conversion from fusiform to 

oval in P. tricornutum. Liquid cultures containing more than 90% oval cells 

were obtained and well-maintained in this medium under the constant 

shaking condition, allowing high dry biomass concentration (0.73 g L-1) to be 

achieved. The subsequent biochemical composition analyses of different cell 

morphotypes revealed that pigments, particularly fucoxanthin and chlorophyll 

a, were markedly accumulated and higher protein content (% dry weight) was 

obtained in oval cell cultures maintained in M & M medium compared to 

fusiform cell cultures maintained in f/2 medium, where lipid and carbohydrate 

were significantly accumulated over 21 days cultivation. The further 

investigation of downstream processing of different cell morphotypes using 

ultra scale-down approaches predicted that a high cell recovery efficiency 

(>93%) without evident cell damage could be obtained for both morphotypes 

when using either a hermetically or a non-hermetically sealed disc-stack 

centrifuge. Additionally, cell disruption analysis by focused acoustics 

demonstrated that oval cells were much more robust against mechanical 

forces, requiring a longer treatment time for complete cell rupture than 

fusiform cells. This study offered an effective and practical way to achieve 

high biomass production of oval cells in liquid cultures and provided 

significant implications for upstream cultivation strategies and downstream 

bioprocessing to optimise the manufacture of different classes of products in 

different morphotypes of P. tricornutum. 
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Impact statement 

Phaeodactylum tricornutum is a polymorphic marine diatom, displaying three 

main cell morphotypes: fusiform, triradiate and oval. It may be important to be 

able to selectively control growth of a particular morphotype for a particular 

industrial application. However, limited information is available about the 

conditions that can be used for controlling and maintaining cell morphology. 

In this study, a culture medium called Mann and Myers’ medium was 

identified to induce significant morphotype transformation from fusiform to 

oval in P. tricornutum. Liquid cultures abundant with >90% oval cells were 

finally obtained and well-maintained in this medium under constant agitation, 

which enhances the mass and gas transfer and light availability allowing high 

cell concentration and biomass yield to be achieved. This work is considered 

to be significant for offering a novel way to regulate and maintain cell 

morphology of P. tricornutum, which can be used by Phaeodactylum 

researchers to establish stable phenotypes for deeper exploration on 

molecular mechanisms of cell morphology control. By demonstrating that M & 

M medium was effective and practical for high oval cell production in liquid 

cultures, this work enables further assessment of oval P. tricornutum cells for 

potential industrial applications. 

P. tricornutum is of great interest for industrial application as a natural rich 

source of high-value eicosapentaenoic acid (EPA) and fucoxanthin. Its highly 

interesting pleiomorphic property motivated us to characterise the 

biochemical profiles in fusiform and oval cells. Oval P. tricornutum cells 

maintained in M & M medium were shown to be promising for high pigment 

and protein production whereas fusiform P. tricornutum cells cultured in f/2 

medium were found to be a potential feedstock for biofuel production due to 

the marked accumulation of lipid and carbohydrate over time. This work 

provides insights into biochemical profiles of different cell morphotypes in 

response to culture media, which is essential for nutritional value evaluation 

and for better utilisation of algal biomass, in support of Phaeodactylum 

biorefinery for industrial exploitation. 
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The further investigation of downstream processing of different cell 

morphotypes indicated that a predicted high cell recovery efficiency (>93%) 

without evident cell damage was obtained for both morphotypes when using 

either a hermetically or a non-hermetically sealed disc-stack centrifuge. It 

was also found that oval cells were much more robust, requiring a longer 

treatment time by focused acoustics for complete cell rupture than fusiform 

cells. This work provides new insights into the impacts of cell morphotypes 

on P. tricornutum downstream bioprocessing. P. tricornutum is currently 

under development as an expression host for therapeutic proteins, 

bioplastics, etc. This study might have important implications on upstream 

cultivation strategies and downstream bioprocessing for the optimisation of 

product manufacture in P. tricornutum, which would be very useful for scale-

up bioprocess design and for P. tricornutum application in industry. 

The results from the third and fourth chapters have been published in a 

scholarly journal. The results from the fifth chapter will also be expected to be 

published. By disseminating outputs through publication, this study would 

potentially be known by international scholars with the impact being extended. 
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1 Introduction 

1.1 Microalgae  

Algae are a large group of diverse photosynthetic organisms containing 

macroalgae (seaweed) and microalgae. They can efficiently use solar energy 

and the greenhouse gas carbon dioxide for photoautotrophic growth, 

contributing approximately half of the planet’s oxygen production and the 

global net primary production (Chapman, 2013, Field et al., 1998). 

Microalgae are unicellular microscopic algae containing a huge biodiversity of 

both prokaryotic (cyanobacteria) and eukaryotic species (Figure 1-1). They 

are widely abundant in every biome on the planet, found in freshwater, 

marine and terrestrial environments. It has been estimated that over 300,000 

microalgal species exist of which only 30,000 have been documented (Mobin 

and Alam, 2017). Microalgae are broadly divided into several groups: 

Cyanobacteria (blue-green algae), Rhodophyta (red algae), Chlorophyta 

(green algae), Bacillariophyta (diatoms) and others (Keeling, 2010, Hallmann, 

2015). 

 
Figure 1-1 A schematic diagram of tree of life with emphasis on algae showing 
the diversity of phylogeny (Hallmann, 2015). 
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1.1.1 Potential application of microalgae 

Considerable attention has recently been paid to microalgal exploitation and 

utilisation since they can efficiently use solar energy and inorganic carbon for 

sustainable biosynthesis of high-value compounds such as proteins, 

pigments, polysaccharides, lipids and vitamins. These microalgae-derived 

products have applications in various industries (Figure 1-2). For example, 

microalgae biomass as feed in aquaculture or as nutritional supplement for 

animals and humans (Hemaiswarya et al., 2011, Caporgno and Mathys, 

2018), pigments as natural colourants in food and cosmetics (Begum et al., 

2016), lipids and carbohydrates for renewable biofuel production (Ziolkowska 

and Simon, 2014), and microalgal extracts for nutraceutical and 

pharmaceutical applications (Jha et al., 2017). 

 
Figure 1-2 Biotechnological applications of microalgae. 

A schematic diagram showing the biotechnological potential of microalgae. GM, 

genetically modified. 

Today only a few products are commercially produced from microalgae. One 

notable application is the cultivation of the freshwater green microalga 
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Haematococcus pluvialis for high-level production of astaxanthin (4-5% of dry 

weight (DW)), a carotenoid widely used as a feed additive in fish aquaculture. 

Astaxanthin has superior antioxidant properties compared to other 

carotenoids for pharmaceutical and cosmetic applications (Shah et al., 2016). 

Other examples include β-carotene production (up to 14% DW) from the 

halotolerant green microalga Dunaliella salina (Spolaore et al., 2006, Xu et 

al., 2018), and docosahexaenoic acid (DHA) production from the marine 

heterotrophic dinoflagellate Crypthecodinium cohnii (Gong et al., 2015). In 

addition, the green algal species Chlorella and the cyanobacteria Arthrospira 

platensis, more widely known as Spirulina are produced globally in large 

quantities every year for human and animal consumption in view of their 

excellent nutritive value and health benefits (Spolaore et al., 2006). 

Dried whole algae Spirulina accounts for the largest market volume of 

microalgae-based products. The annual production of Spirulina biomass 

exceeds 12 000 tons, followed by an estimated 5000 tons of Chlorella, 3000 

tons of D. salina for carotene, 700 tons of H. pluvialis for astaxanthin and 500 

tons of C. cohnii for DHA (Garcia et al., 2017). The global market value of 

microalgae is estimated to be US$5-7 billion, out of which about US$2.5 

billion is from the health food, US$2 billion from the high-value products 

(cosmetics, nutraceuticals and pharmaceuticals) and US$0.7 billion by 

aquaculture (Mobin and Alam, 2017, Khanra et al., 2018).  

Microalgae biomass is rich in lipids and carbohydrates, which can be 

converted into biofuels such as biodiesel, bioethanol, biohydrogen and 

methane (Ziolkowska and Simon, 2014). The microalgae used in practical 

applications typically have a lipid content of 20–50% DW, with higher oil 

productivities than those from traditional crops like corn, soybeans and oil 

palm (Medipally et al., 2015, Ziolkowska and Simon, 2014). Therefore, 

microalgae have emerged as an attractive alternative to the conventional 

crop-based feedstock for sustainable biofuel production, which in some 

extent would relieve the fossil fuel-based energy crisis and the food/feed 

crop-fuel crop crisis. However, the production of biofuels from microalgae in 

commercial scale is not economically viable at present.  
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The definition of biorefinery is the sustainable biomass processing to obtain 

energy biofuels and high-value products through a series of processes and 

equipment for biomass transformation (Gonzalez-Delgado and Kafarov, 

2011). The biorefinery concept allows to make full utilisation of raw materials 

at low cost for the sustainable production of diverse bioproducts. Different 

kinds of biomass can be utilised in biorefinery such as agricultural crops (first 

generation), lignocellulosic biomass like straw and bark (second generation), 

and aquatic biomass of algae (third generation) (de Jong et al., 2009, 

Hossain et al., 2017). Microalgae can be used as an efficient and economical 

biorefinery feedstock. Based on the biorefinery concept, co-production of 

multiple value-added products with biofuels is considered as an approach to 

obtain a maximum financial profit for microalgal application. The remaining 

biomass can be used as feed, fertilizer or for energy co-generation (Brennan 

and Owende, 2010). 

Several microalgae species such as Spirulina, Chlorella, Dunaliella, 

Haematococcus, C. cohnii and Schizochytrium have been classified as 

Generally Recognized As Safe (GRAS) organisms (Garcia et al., 2017), 

which eases microalgal use in nutraceutical and pharmaceutical industries. 

Microalgae could produce a vast range of bioactive compounds such as β-

carotene, astaxanthin, fucoxanthin, lutein, DHA, EPA (eicosapentaenoic 

acid), polysaccharides and phenolics, with the extracts showing antibacterial, 

antiviral, antifungal, anticancer, anti-inflammatory, and antioxidant properties 

(Jha et al., 2017). In addition to the application of microalgae as a production 

platform for a host of naturally-produced compounds, genetically modified 

(GM) microalgae have been eliciting considerable interest for the 

augmentation of desired product yield or for the production of recombinant 

proteins, which are in great demand in various industrial and pharmaceutical 

applications. For example, successful genetic engineering in the expression 

of bioplastics or therapeutic proteins such as vaccines, antibodies and 

immunotoxins has been achieved in microalgae Chlamydomonas reinhardtii 

and Phaeodactylum tricornutum (Gangl et al., 2015, Hempel et al., 2011a, 

Hempel et al., 2017).  
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Furthermore, microalgae can also be used for bioremediation, for example, 

removal of nitrogen, phosphorus and heavy metals for wastewater treatment 

(Ummalyma et al., 2018) and removal of CO2 by bio-fixation from flue gas 

emissions (Devi et al., 2014). CO2 capture by microalgae plays a significant 

role in reducing greenhouse gas and mitigating the climate change of global 

warming.  

1.1.2 Advantages of microalgae as a production platform 

Microalgae are considered promising as an emerging industrial production 

platform for the light-driven synthesis of high-value compounds and 

recombinant proteins. They hold numerous economic, environmental and 

technical advantages. As photoautotrophs, they combine advantages of both 

microorganisms and higher plants (Potvin and Zhang, 2010). They have 

simple, inexpensive nutrient requirements and short generation time, and can 

be grown in seawater, brackish water or wastewater (Mata et al., 2010, 

Ziolkowska and Simon, 2014).  

Currently, the well-established expression systems that are commonly 

employed to produce commercial bioproducts, particularly recombinant 

proteins, include bacteria, yeasts, plants, insect and mammalian cells (Yan et 

al., 2016). However, there are limitations with each system. Bacterial 

expression hosts lack the ability of post-transcriptional and post-translational 

modifications such as intron-splicing, glycosylation and multimeric protein 

assembly, which means that the majority of functional eukaryotic proteins 

could not be produced in prokaryotic systems (Yan et al., 2016). 

Furthermore, the presence of bacterial endotoxins enhances difficulty in 

purification and has adverse effect on human health (Walker et al., 2005). 

Although yeasts possess protein modification systems, the pattern of 

glycosylation usually involves hypermannosylation, different from that 

occurring in higher organisms (Chiba and Jigami, 2007). Mammalian 

bioreactors remain the system used for the production of the majority of 

pharmaceutical proteins due to their ability to express large and complex 

functional proteins with proper post-translational modifications (Tripathi and 
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Shrivastava, 2019). However, the production cost is very high as mammalian 

cells require sophisticated and expensive growth media and are difficult to 

culture at large scale and high-level purification requiring large volumes of 

cell culture is expensive (Puetz and Wurm, 2019, Yan et al., 2016). The 

mammalian systems also have the contamination risk by animal viruses 

(Owczarek et al., 2019). Transgenic plants come into focus due to their ability 

to perform photosynthesis, ease of scale up and resistance to most human 

pathogens. However, they have low growth rate, compete for agricultural land 

and may cause flow of transgenes to environment when cultivated in open 

and semi-enclosed greenhouses (Hempel et al., 2011b, Stoffels et al., 2019). 

It is therefore still appealing to develop novel, safe and low-cost expression 

platforms for industrial biotechnology.  

Microalgae hold several advantages as an emerging host for the light-driven 

production of recombinant proteins. Microalgae do not involve human 

pathogens, being an advantage for the expression of pharmaceutical proteins 

(Yan et al., 2016, Hempel et al., 2011b). Compared to transgenic plants, 

microalgae represent a much simpler system and hence more efficient 

genetic manipulations, have much shorter doubling times, do not compete for 

arable land and freshwater with agricultural crops, and can be grown in 

enclosed photobioreactors (PBRs) to prevent the release of transgenes to 

the environment (Raja et al., 2008, Gangl et al., 2015). Eukaryotic microalgae 

are able to perform post-transcriptional and post-translational modifications 

which is species-specific (Dumontier et al., 2018). Investigation of P. 

tricornutum producing human anti-Hepatitis B monoclonal antibodies 

revealed that proteins carry high mannose-type N-glycans ranging from Man-

5 to Man-9 (Vanier et al., 2015). In another study, one N-

acetylglucosaminyltransferase I (GnT I) gene which is able to convert Man-5 

into complex-type N-glycans was predicted in P. tricornutum genome and 

traces of other glycan types such as Man-3, Man-4 and fucosylated Man-3 

were also detected for proteins from P. tricornutum (Baïet et al., 2011). 

Although the reported protein N-glycosylation occurring in microalgae differs 

from that described in mammals, genetic engineering tools are available and 

may be used to engineer the glycosylation pathways in microalgae to 
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produce biopharmaceuticals compatible for use in human therapy (Dumontier 

et al., 2018). From industrial perspective, the ease of cultivation makes 

microalgae particularly suitable for mass cultivation with comparatively low 

operating cost, and potentially cost-efficient product production (Stoffels et al., 

2019). High cell density and biomass yield can be achieved in simple PBRs 

with sufficient supply of light and carbon source (El-Baz and El Baky, 2018). 

These demonstrated the great potential of microalgae to serve as a cost-

effective, safe and eco-friendly expression platform for industrial 

biotechnology. 

1.1.3 Microalgal cultivation 

Microalgae can efficiently convert solar energy into chemical energy through 

photosynthesis. As photoautotrophic organisms, microalgae have simple 

growth requirements. They require inorganic carbon like CO2 and light 

energy, together with macronutrients like nitrogen and phosphorus for growth 

(Singh and Patidar, 2018). Nitrogen and phosphorus are constituents of 

proteins and nucleic acids and are therefore essential nutrients for cell 

growth. They are generally provided in the inorganic form like nitrate, 

ammonium and phosphate, although depending on the species and 

metabolism organic compounds such as urea, amino acids and nucleosides 

can also be assimilated (Neilson and Larsson, 1980). Besides macronutrients, 

microalgae also require a variety of micronutrients such as iron, zinc, cobalt, 

manganese and mostly B vitamins (Markou et al., 2014). Diatoms generally 

also require silicate for growth. In addition, cultivation parameters including 

light intensity, temperature, agitation, aeration and pH have significant 

influence on algal growth (Khan et al., 2018). 

In addition to the photoautotrophic cultivation in which light is used as an 

energy source and inorganic carbon mainly CO2 is used as a carbon source, 

some microalgae can grow heterotrophically or mixotrophically. In 

heterotrophic growth, microalgae utilise only organic compounds such as 

glucose, acetate and glycerol as both energy and carbon source under dark 

conditions (Guidhe et al., 2017). Mixotrophic growth involves both 
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phototrophic and heterotrophic cell metabolisms, in which microalgae 

perform photosynthesis for phototrophic growth, complemented with an 

organic compound as an extra energy and carbon source (Zhan et al., 2017). 

Studies have shown that P. tricornutum can grow in mixotrophic mode on 

glycerol, acetate, lactate, and glucose (Villanova et al., 2017, Garcıa et al., 

2005, Smith et al., 2020), which is a good cultivation strategy to enhance cell 

growth and biomass production. P. tricornutum is an obligate 

photoautotrophic organism and unable to grow heterotrophically. However, 

through metabolic engineering to introduce a gene encoding a glucose 

transporter, successful heterotrophic growth of P. tricornutum on glucose was 

achieved, reaching a five-fold higher cell density relative to the phototrophic 

control (Zaslavskaia et al., 2001).  

Large-scale cultivation of microalgae is mainly performed in two types of 

systems: open-culture systems and closed photobioreactors (PBRs) (Khanra 

et al., 2018). Open-culture systems such as raceway ponds have a low 

capital expenditure requirement and a large volumetric production capacity. 

They are normally located outdoors and rely on natural sunlight and 

temperature, thus being susceptible to weather conditions. Open ponds allow 

little control of process conditions such as temperature, illumination and 

evaporation, have a high contamination risk, have poor mixing, occupy large 

land area, and have difficulty in growing algae for long periods (Mata et al., 

2010). The open systems are thus limited to a small quantity of algae species 

which can tolerate extreme environmental conditions to reduce contamination 

risks, such as Spirulina, Chlorella and Dunaliella belonging to fast growers 

and capable of thriving in highly alkaline or saline environments (Zhou et al., 

2015, Tan et al., 2020). A variety of PBRs including flat-panel, tubular, airlift, 

bubble column PBRs and plastic bags are available for microalgae cultivation 

(El-Baz and El Baky, 2018). Closed PBRs are more commonly located 

outdoors to make use of free sunlight but may also be located indoors. They 

hold several advantages. For example, they offer a high degree of control 

over cultivation parameters (e.g. temperature, pH, mixing, CO2), provide a 

closed environment protecting the culture from contamination or invasion by 

competing microorganisms and preventing evaporation, allow high cell 
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densities and high volumetric productivities to be attained and make it 

feasible to cultivate microalgae for some high-value products like 

pharmaceuticals. Their main limitations include high capital and operating 

costs, cell damage by shear stress due to mechanical or air bubbling mixing, 

oxygen accumulation, biofouling, and deterioration of construction material 

for photo-stage (Mata et al., 2010, Cruz et al., 2018). In PBRs, microalgal 

adhesion on the transparent PBR surfaces leads to biofouling. The process 

of biofouling is dynamic and sequential, including 1) the formation of a 

conditioning film on the exposed surface, 2) microfouling with colonies of 

microalgae and bacteria, and 3) macrofouling with a high number of 

microalgae and microorganisms. PBR biofouling reduces the sunlight 

penetration in the PBR and therefore decreases the photosynthetic efficiency 

and biomass productivity of the cultivation system (Zeriouh et al., 2017, 

Harris et al., 2013). Industrial microalgae production is typically conducted in 

non-axenic conditions. Some bacteria involved in the algal microbiome could 

induce biofilm formation and attachment of algae on the substrate through 

exopolymeric substances (EPS) production, leading to biofouling and 

reduced biomass productivity during industrial cultivation of microalgae in 

PBRs (Giraldo et al., 2019).  

Microalgae can be cultivated in batch or continuous mode. Large-scale 

production of microalgal biomass is costly, requiring a large volume of seed 

culture to ensure the purity of cultures (Chisti, 2016). In order to reduce 

production costs, strategies to improve the nutrient utilisation efficiency have 

been tested. By adopting a circular economy approach, the sustainability of 

microalgal production could be improved by combining the microalgae 

cultivation with pollution control processes for recycling of waste nutrients, for 

instance, utilisation of CO2 from flue gas emissions or nitrogen and 

phosphorus from a wastewater effluent (Odjadjare et al., 2017). 

Microalgae and bacteria have existed together since the early stages of 

evolution (Ramanan et al., 2016). In both natural and industrial processes, 

there is evidence of microalgae living together with bacteria in complex 

microbial communities. Microalgae and bacteria synergistically affect each 
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other's physiology and metabolism mainly by exchanging metabolites and 

nutrients (Yao et al., 2019). The algae-bacterial interactions involve diverse 

symbiotic relationships including mutualism, commensalism and parasitism 

(Ramanan et al., 2016, Tandon et al., 2017). Studies have shown that 

bacteria may positively or negatively influence microalgal growth through a 

variety of mechanisms (Shi et al., 2018). For example, in mutualism, 

symbiotic bacteria could stimulate microalgal growth by producing B vitamins, 

phytohormones, siderophores to improve iron availability or inorganic 

nitrogen in exchange for fixed organic carbon such as EPS and glycolate 

from microalgae (Yao et al., 2019, Fuentes et al., 2016). Alternatively, in 

parasitism, parasitic bacteria may inhibit algal growth by competing for 

existing nutrients and may kill algae by secreting algicidal compounds to 

degrade algal cell wall (Ramanan et al., 2016, Tandon et al., 2017). Vitamins, 

acting as enzyme cofactors, play a vital part in the development of cellular 

biochemistry of microalgae. However, the majority of microalgae is vitamin B 

auxotroph since they cannot synthesise B vitamins and require the 

exogenous supply of vitamin B12 (cobalamin), B1 (thiamine) and B7 (biotin) in 

different combinations as growth factors (Tandon et al., 2017). These B 

vitamins can be produced by bacteria, archaea, and marine cyanobacteria 

and may serve as part of synergistic interactions between microalgae and 

bacteria (Yao et al., 2019). 

The bacterial community naturally associated to algae is species-specific 

(Eigemann et al., 2013). A study on the microbiome of non-axenic P. 

tricornutum cultures from a culture collection revealed that the associated 

bacterial community is highly dynamic with four bacterial families playing 

major roles depending on growth phase and culture conditions. The authors 

showed that in complete f/2 medium, Pseudoalteromonadaceae dominated in 

lag phase, Flavobacteriaceae dominated in log phase and the stationary 

phase was dominated by Flavobacteriaceae and Pseudoalteromonadaceae. 

By contrast, in minimal medium containing only nitrogen (N) and phosphorus 

(P), Alteromonadaceae, Pseudoalteromonadaceae and Pseudomonadaceae 

dominated in log phase supporting good growth of P. tricornutum and  the 

stationary phase was dominated by Alteromonadaceae (Moejes et al., 2017). 
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Another study showed that in N-deficient P. tricornutum cultures, the relative 

abundance of three gammaproteobacterial genera Marinobacter, 

Methylophaga and Algiphilus, belonging to families Alteromonadacea, 

Piscirickettsiaceae and Algiphilaceae respectively, increased markedly while 

the abundance of species Sinorickettsia chlamys markedly decreased (Shi et 

al., 2018). Marine methylotrophic bacteria were found to support the 

photoautotrophic growth of P. tricornutum by providing ammonium from 

degradation of methylamines which occur ubiquitously in oceans (Suleiman 

et al., 2016). Moreover, a marine bacterium Stappia sp. K01 (family 

Rhodobacteraceae), isolated from xenic cultures of P. tricornutum, was 

identified to promote growth and fucoxanthin biosynthesis of this diatom 

through utilising the extracellular fatty acids secreted by P. tricornutum 

(Vuong et al., 2019). These studies have important implications for industrial 

algal cultivation, where working in axenic conditions is hardly feasible. 

Appropriate control of the biological interactions between microalgae and 

bacteria would help to improve microalgal biomass production or control algal 

blooms.  

1.2 Phaeodactylum tricornutum  

Phaeodactylum tricornutum is a marine diatom. Diatoms constitute the most 

abundant eukaryotic phytoplankton in marine environments (Kooistra et al., 

2007). They are estimated to contribute approximately 40% of marine 

primary productivity (Nelson et al., 1995) and up to 25% of global primary 

productivity (Falkowski et al., 1998, Lebeau and Robert, 2003). Diatoms also 

play an ecologically significant role in biogeochemical cycles of silicon, 

carbon, nitrogen and phosphorus (Treguer et al., 1995). Typically, a diatom 

cell is enclosed in a silicified shell, which is composed of two valves and 

connecting bands. According to the shape of cell walls known as frustules, 

diatoms can be divided into two major classes: the centrics which tend to 

appear radially symmetric and the pennates which display bilateral symmetry 

(Bowler et al., 2008). 
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P. tricornutum is a pennate raphid diatom, belonging to the division 

Heterokontophyta, class Bacillariophyceae, order Bacillariales, family 

Phaeodactylaceae and genus Phaeodactylum (De Martino et al., 2007). 

1.2.1 Polymorphism of Phaeodactylum tricornutum 

Three main cell morphotypes 

P. tricornutum is a polymorphic diatom, displaying three distinct morphotypes: 

fusiform, triradiate and oval (Figure 1-3). The polymorphic feature and 

different cell morphotypes of P. tricornutum were first described by Wilson D. 

P. under the name of Nitzschia closterium (Wilson, 1946). The fusiform 

morphotype with two arms is 15-35 μm in length and 2.5-5 μm in width and 

appears to be most stable and frequently observed in liquid cultures. The 

triradiate cell with three arms being often unequal in length (6-8 μm), was 

shown to be rare and difficult to maintain in laboratory cultures (De Martino et 

al., 2007). The third type, oval cell, has no arms and is 6-10 μm long and 2.5-

5 μm broad. This morphotype usually occurs on the bottom and sides of a 

flask, on solid media or under suboptimal conditions such as hyposalinity and 

low temperature (Wilson, 1946, De Martino et al., 2007). 

The ultrastructure of each cell morphotype has also been described 

(Borowitzka and Volcani, 1978). It was shown that the three cell morphotypes 

contain similar cytoplasmic organelles in organisation and structure except 

for the vacuolar organisation and cell wall. The fusiform and triradiate cells 

are better adapted to planktonic lifestyle (Tesson et al., 2009a), which might 

be mediated by the vacuoles occupying the space within their arms 

(Borowitzka and Volcani, 1978), the cellular lipid content and the evolution of 

arms that increase the surface area to volume ratio (Bowler et al., 2010). By 

contrast, the oval morphotype is preferentially benthic, having a higher 

sedimentation rate compared to the other two morphotypes (De Martino et al., 

2011). Almost the whole space inside oval cells was taken up by plastids or 

chromatophores (Wilson, 1946). Furthermore, oval cells can secrete 

mucilaginous EPS and possess a raphe (Lewin et al., 1958), favouring cell 

adhesion and gliding motility on surface (Tesson et al., 2009a, De Martino et 
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al., 2011). The raphe, commonly found on the hypotheca (Figure 1-4), is a slit 

along the frustule that facilitates gliding movement via the secretion of EPS 

(Kooistra et al., 2007, Bowler et al., 2010). EPS are metabolic products 

comprising polysaccharides, glycoproteins and other biopolymers. EPS, 

attached to the cell surface or released into environment, play important 

ecological roles including cell adhesion, motility of benthic diatoms, biofilm 

formation, as a carbon and energy source and cell protection against 

stresses such as UV radiation, oxidative stress or water deficiency (Xiao and 

Zheng, 2016, Han et al., 2019). It has been observed that oval cells tend to 

aggregate in clusters surrounded by mucilage, sink and adhere to culture 

flasks in stressed cultures, which suggested that cell aggregation and EPS 

secretion could represent protective mechanisms of cells against stresses 

like low temperature and nutrient starvation (De Martino et al., 2007, De 

Martino et al., 2011).  

 
Figure 1-3 Scanning electron microscopy images of three morphotypes of P. 
tricornutum. 

Scanning electron micrographs showing the fusiform (a), triradiate (b) and oval (c) 
morphotypes of P. tricornutum. Ra, raphe, a silicified structure found only in oval 
morphotype. Images are cited from (Martin-Jezequel and Tesson, 2013, Francius et 
al., 2008) 
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Cell wall structure and constituent  

P. tricornutum has a three-layer cell wall structure: an outer opaque organic 

layer (3 nm), an intermediate organic or silicified layer (4-6 nm) and an inner 

opaque organic layer (3 nm) (Reimann and Volcani, 1967, Borowitzka and 

Volcani, 1978). The inner layer, called diatotepum, is described previously as 

fibrillar material within an amorphous matrix, composed of polyanionic 

polysaccharides (Borowitzka and Volcani, 1978, Tesson et al., 2009a). 

Sulphated glucuronomannan, commonly found in diatom cell walls, has 

shown to be the major component of Phaeodactylum cell wall (Ford and 

Percival, 1965b, Le Costaouec et al., 2017) and was described as fibrils 

deposited in the inner layer of the cell wall (Tesson et al., 2009b).  

 
Figure 1-4 A schematic diagram showing the cell wall of P. tricornutum. 

P. tricornutum can grow well without the addition of silicon (Zhao et al., 2014). 

In contrast with the siliceous frustules of other diatoms, the cell wall of P. 

tricornutum is only weakly silicified and the silica frustule is synthesised 

facultatively. Only the oval form can generate an opaque siliceous valve 

equipped with a raphe when grown in the presence of silicate (Lewin et al., 

1958). The degree of silicification of oval cell walls ranges from only a raphe 

to a silicified valve with a raphe (Tesson et al., 2009a). By contrast, the 

frustules in fusiform and triradiate cells are entirely organic apart from the 

girdle region, the area at the junction of two valves, containing several silica 

bands. These bands are usually located on the epitheca embedded in the 
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organic material with the number varying from 0 to 10 (Figure 1-4) 

(Borowitzka and Volcani, 1978, Tesson et al., 2009a). Despite the above 

observations, the amounts of silicon obtained in oval and fusiform cells were 

reported to be similar, representing 0.4-0.5% DW (Lewin et al., 1958). X-ray 

photoelectron spectroscopy (XPS) analysis on cell surface chemicals in P. 

tricornutum revealed that the majority of silicon found in the fusiform and 

triradiate morphotypes was in the form of weakly polymerised silicate 

whereas the oval cells had a higher silicon concentration in the form of 

condensed silica compared to weakly polymerised silicate (Tesson et al., 

2009b). 

Overall, the organic constituents of Phaeodactylum cell wall comprise lipids, 

polysaccharides (mainly sulphated glucuronomannans), proteins and 

polyamines, similar to other diatoms. Frustulins, diatom cell wall proteins, 

form the organic constituents and are located at the surface of diatom cell 

walls (Kroger and Poulsen, 2008). Long chain polyamines and proteins 

(silaffins, silacidins and cingulins), located inside the silica matrix, have been 

identified to be involved in the silicification processes like silica 

polymerisation and morphogenesis in diatom cell walls (Kroger and Poulsen, 

2008, Wenzl et al., 2008, Scheffel et al., 2011). A gene of bacterial origin 

encoding agmatinase, which may be involved in polyamine biosynthesis, a 

gene encoding a silaffin-like protein and frustulin genes have been identified 

in P. tricornutum genome but lacking homologues of silacidin (Martin-

Jezequel and Tesson, 2013, Bowler et al., 2008). 

Other morphotypes 

In addition to the three commonly found morphotypes, other types of P. 

tricornutum cells have also been observed occasionally. Round cells were 

typically observed in the centre of oval cell clusters exposed to prolonged 

periods of stress conditions such as low temperature, low salinity and 

stationary-phase culture (De Martino et al., 2007, De Martino et al., 2011). In 

contrast to the above three morphotypes, round cells showed features of 

resting cells with a thick cell wall, increased lipid granules and 
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disorganisation of the plastid. Moreover, round cells adhered to surfaces and 

could develop biofilms, but they had no raphe and were not motile (De 

Martino et al., 2011). More recently, it was reported that only the rounded 

morphotype with a width-to-length ratio of 0.4-0.6 was observed in P. 

tricornutum cultures grown under red light. These rounded cells showed 

expansion of thylakoid membrane system and developed a red-shifted 

antenna to enhance light harvesting in response to red-enhanced illumination 

(Herbstova et al., 2017). Furthermore, a cruciform morphotype with four arms 

was reported previously (Wilson, 1946) and a culture of P. tricornutum strain 

CCMM 2004 containing approximately 40% of cruciform cells was obtained 

when grown in L1 medium (He et al., 2014). However, this shape needs 

further confirmation as it is rare and unstable, indicating that this may be an 

intermediate morphotype of P. tricornutum.  

1.2.2 Morphological plasticity of Phaeodactylum tricornutum   

Cell morphotype interconversion 

 
Figure 1-5 Morphological transformation between three morphotypes of P. 
tricornutum. 

A schematic diagram showing the life cycle of P. tricornutum. Images of three 
morphotypes of cells were cited from (Vardi et al., 2008).  
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In addition to the unique polymorphic property, P. tricornutum exhibits 

another peculiarity of morphological plasticity, which is probably related to its 

atypical nature of facultatively and poorly silicified frustule. Several studies 

have described the processes of morphological interconversions between 

three cell morphotypes of P. tricornutum (Wilson, 1946, Lewin et al., 1958, 

De Martino et al., 2011, Martin-Jezequel and Tesson, 2013). Specifically, oval 

cells can be generated within the central region of both fusiform and triradiate 

cells by the retraction of protoplasm and multiply by successive divisions and 

are ultimately released by rupture of parental cell walls along the girdle band 

region. The produced oval cells can divide to give rise to further ovals or can 

grow either two or three arms, generally two, to change into fusiform or 

triradiate in shape. Similarly, fusiform cells can be produced by division of 

fusiform cells, elongation of ovals or gradual elimination of one arm of 

triradiate cells (Figure 1-5). In terms of the formation of triradiate cells, 

besides oval cells growing three arms, little evidence is available to support 

the transformation of fusiform cells to triradiate cells by developing a third 

arm (De Martino et al., 2011). The relation of these changes in morphology to 

the reproduction of P. tricornutum remains unknown. Based on the genome 

sequences and the assumption that at least 20 core meiosis genes are 

required for an alga to maintain sexual reproduction, it was proposed that 

asexual reproduction strategy was mainly adopted by P. tricornutum (Guo 

and Yang, 2015). Furthermore, no obvious evidence has been found to date 

in support of sexual reproduction of P. tricornutum.  

Eleven accessions of P. tricornutum 

P. tricornutum strains, isolated from different geographic locations worldwide, 

are deposited in culture collections with different accession numbers. The 

reported information on the genetic and morphological characteristics of 

eleven commonly used P. tricornutum strains are summarised in Table 1-1. 

 

 



35 

 

Table 1-1 Characterisation of P. tricornutum strains 

Strains Accession 
numbers in 
culture 
collections 

Location of 
sampling 

Dominant 
morphotype 

Cell sizea 
(length & 
width, μm) 

Pt1-A 
 

CCMP632 
CCAP 1055/3 

Blackpool, UK Fusiform (>95%) 19-24 
2.9-3.9 

Pt1 8.6 CCAP 1055/1 
CCMP2561 

Monoclonal culture 
of Pt1 

Fusiform (90% b)  

Pt2-A CCAP 1052/1A 
UTEX 642 

Plymouth, UK Fusiform (>95%) 19-24 
2.8-3.3 

Pt3-A CCAP 1052/1B 
UTEX 640 

Brackish clonal 
culture of Pt2 

Oval (60-75%) 7.7-9.3 
2.5-3.9 

Pt4-B CCAP 1052/6 
UTEX 646 

Island of 
Segelskar, Finland 

Fusiform (>95%) 19-24 
2.5-3.6 

Pt5-C CCMP630 
CCAP 1055/2 

Cape Cod Bay, 
West Dennis, USA 

Fusiform (>95%) 25-30 
2.5-3.4 

Pt6-D CCMP631 
CCAP 1055/4 

Nantucket Bay, 
Woods Hole, USA 

Fusiform (>95%) 15-19 
2.8-4.1 

Pt7-D CCMP1327 
CCAP 1055/6 

Great South Bay, 
Long Island, USA 

Fusiform (>95%) 15-19 
3.2-4.8 

Pt8-D CCMP2560 
CCAP 1055/7 

Jericho Beach, 
Vancouver, 
Canada 

Triradiate (80-
85%) 

6.6-8.4 
(arm) 

Pt9-A CCMP633 
CCAP 1055/5 

Territory of Guam, 
Northern Mariana 
Islands, 
Micronesia 

Oval (60-75%) at 
15-19 oC;  
Fusiform (80-95%) 
at 25-28 oC 

5.9-8.2, 
2.8-5.1 
16-20, 
3.1-5.2 

Pt10-C CCAP 1055/8 
CCMP2928 

Yellow Sea, 
Dalian, China 

Fusiform (>95%) 15-20 
2.6-4.6 

The information indicated here are from a previous report (De Martino et al., 2007). 
CCMP, Provasoli-Guillard National Center for Culture of Marine Phytoplankton; 
CCAP, Culture Collection of Algae and Protozoa; UTEX, Culture Collection of Algae 
at the University of Texas at Austin. 
A, B, C, D represent four different genotypes.  
aSize of the major type of cells. 
bOur Pt1 8.6 stock cultures contained approximately 90% fusiform cells upon arrival 
from CCAP. 

Ten axenic strains of P. tricornutum (Pt1-Pt10) have been characterised 

systematically in genotype and phenotype (De Martino et al., 2007). Another 

strain Pt1 8.6 is one monoclonal culture derived from Pt1 and shows mainly 
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the fusiform morphotype. This clone has been selected for genome 

sequencing and is available at CCAP and CCMP with the accession numbers 

CCAP 1055/1 and CCMP2561 respectively (De Martino et al., 2007, Bowler 

et al., 2008). Eight of these strains exist predominantly in fusiform 

morphotype (>90%) while one strain (Pt3) exhibits mainly the oval form 

(>60%) and one strain (Pt8) is principally in triradiate (>80%) (Table 1-1). 

Further analyses of the fast-evolving internal transcribed spacer 2 (ITS2) 

sequences and amplified fragment length polymorphism (AFLP) revealed 

that these strains represent four different genotypes, denoted as A, B, C and 

D (Table 1-1) (De Martino et al., 2007).  

Pt2 was first identified as Nitzschia closterium W. Sm. forma minutissima and 

was subsequently revised to P. tricornutum Bohlin emend by Lewin J. C. in 

1958 (Lewin, 1958) and has been officially renamed as P. tricornutum since 

then. Numerous physiological and biochemical studies were carried out with 

this Plymouth strain and published under the name of N. Closterium (Wilson, 

1946, Leigh-Clare, 1927). Pt3 is a subclonal culture, initially isolated from Pt2 

with its ability to grow in freshwater media. It comprises mainly oval cells 

(>60%) even when grown in artificial seawater medium (De Martino et al., 

2007). The Finnish strain Pt4 was described as a brackish strain collected 

from a supralittoral rock pool. Pt5 was collected in a shallow tidal creek with 

fluctuations in salinity in the Gulf of Maine (De Martino et al., 2007). The 

Woods Hole strain Pt6 was isolated from a seawater tank by Lewin J. C. and 

Lewin R. A. in 1956 and was then described morphologically, structurally and 

biochemically in 1958 (Lewin et al., 1958). The collection site of Pt7 was 

described as an enclosed bay with low salinity. Although Pt8 with the 

accession name NEPCC 640 (North East Pacific Culture Collection) was 

described to show a fusiform morphotype, De Martino et al. reported that the 

subculture of this strain they received from CCCM (Canadian Centre for the 

Culture of Microorganisms) was mainly in triradiate (>80%) and oval cells 

were not found in this accession (De Martino et al., 2007). The tropical strain 

Pt9 is typically grown at 20-26 oC. Interestingly, it shows different cell 

morphotypes when grown under different temperatures, displaying mainly the 

fusiform morphotype (>80%) at 25-28 oC in comparison to the predominant 
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oval form (>60%) at 15-19 oC. In addition, the oval cells of Pt9 are shorter 

and wider than those in Pt3 cultures (Table 1-1). The Chinese strain Pt10 

was also described as N. closterium W. Sm. forma minutissima, 

containing >95% fusiform cells. 

Conditions influencing cell morphological conversion 

Changing culture conditions has been shown to elicit morphological changes 

in P. tricornutum. Observations in the marine environment revealed that P. 

tricornutum is typically found in unstable coastal environments such as 

estuaries and rock pools where temperature and salinity change rapidly due 

to tidal effect (De Martino et al., 2007). Its unique characteristics of 

polymorphism and morphological plasticity could thus represent acclimation 

strategies employed by P. tricornutum to the highly changing environmental 

conditions (De Martino et al., 2011). Several studies have identified some 

factors triggering the cell morphotype variations in this species, as 

summarised in Table 1-2. 

Cell morphotype transformation from fusiform to oval on solid agar medium 

was first discovered by Barker with Pt2 (Barker, 1935). Enrichment of oval 

cells (100%) was observed through successive passaging on solid agar plate. 

This approach has been confirmed and applied in some studies to obtain 

oval cells in Pt1, Pt2, Pt6 and Pt7 (Abdullahi et al., 2006, Gutenbrunner et al., 

1994, Borowitzka and Volcani, 1978, Francius et al., 2008, Tesson et al., 

2009b). This process of morphological change was shown to be reversible by 

inoculating oval cells back into liquid media with the observed gradual 

reversion during subculturing transfers to fusiform cells (Barker, 1935). In 

addition, colonies on agar plate derived from oval cells were found to be 

more diffuse and irregular due to the ability of oval cells to spread over the 

surface, compared to those of fusiform cells being rounded with smooth 

margins (Lewin et al., 1958). Although solid media favour oval cell production, 

it was reported that some oval strains could grow faster in liquid media than 

on solid (Borowitzka and Volcani, 1978). 
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Table 1-2 Reported conditions triggering cell morphotype conversion in P. 
tricornutum 

Strains Conditions Conversion References 

Pt1, Pt2, Pt6, 
Pt7 

Solid media F→O Barker, 1935 
Lewin et al., 1958 
Borowitzka and Volcani, 
1978 
Gutenbrunner et al., 1994 
Abdullahi et al., 2006 
Francius et al., 2008 
Tesson et al., 2009b 

Pt2 Low calcium F→O Cooksey and Cooksey, 
1974 

Pt1 8.6, Pt3, 
Pt8 

Low salinity F→O 
T→F, O 

De Martino et al., 2007 
De Martino et al., 2011 
Ovide et al., 2018 

Pt3, Pt8, Pt9 Low temperature F→O 
T→F 

De Martino et al., 2007 
De Martino et al., 2011 

Pt2 High pH or High 
dissolved inorganic 
carbon 

F→T Bartual et al., 2008 

Pt2 Red light F→O Herbstova et al., 2017 

Pt1-Pt10 Adhering to flasks 
Stationary phase 
Static condition plus 
repeated medium 
exchange 

F→O De Martino et al., 2007 
Stanley and Callow, 2007 
Willis et al., 2013 
Buhmann et al., 2016 

Pt1 8.6 Marine bacteria F→O Buhmann et al., 2016 

F, O and T represent fusiform, oval and triradiate respectively. 

Under optimal conditions, fusiform and triradiate cells generally predominate 

in liquid media whereas oval cells usually occur on solid media or adhere to 

flasks through secreting mucilage. However, cells tend to convert to the oval 

form in response to stress conditions such as hyposalinity and low 

temperature (Table 1-2). An increase in the oval cell abundance from 30% to 

above 50% was observed in Pt2 after 5 days cultivation in liquid ASP-2 

medium with the calcium concentration being below 15 mg L-1 whereas the 

oval percentage decreased to 10% when the calcium concentration in the 

medium was 25-85 mg L-1 (Cooksey and Cooksey, 1974). However, the 

effect of calcium on cell morphotype was not confirmed in another study 
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(Borowitzka and Volcani, 1978). Seawater based culture media contain 

approximately 400 mg L-1 calcium. Furthermore, significant cell morphotype 

changes from fusiform to oval occurred in strains Pt1 8.6 and Pt3 induced by 

hyposaline conditions (De Martino et al., 2011, De Martino et al., 2007, Ovide 

et al., 2018). After cultivation for 30 days under low salinities of 10sw (3.3 g/L) 

and 0sw, the oval cell abundance was approximately 10% and 20% 

respectively in Pt1 8.6 and were >85% in Pt3. Further extension of culture 

time to 90 days, 100% oval cells were observed in both Pt1 8.6 and Pt3. Low 

temperature (15 oC) was also reported to induce oval cell production in 

strains Pt3 and Pt9 (De Martino et al., 2011, De Martino et al., 2007). When 

the temperature was shifted from 15 oC to 28 oC, a cell morphotype reversion 

to fusiform cells from 20% to >70% was observed in Pt3 and Pt9. However, 

Pt1 8.6 existed still mainly in fusiform (>70%) when subjected to the low 

temperature of 15 oC (De Martino et al., 2011) and no significant cell 

morphotype changes were observed in strains Pt1, Pt2, Pt6 and Pt7 grown 

under various salinities (Wilson, 1946, Gutenbrunner et al., 1994, Abdullahi 

et al., 2006, Borowitzka and Volcani, 1978). These results suggested that 

morphotype variations can be regulated by changing culture conditions but 

depend on strains. It was reported that some strains of P. tricornutum had a 

greater tendency to be pleiomorphic and to undergo morphotype conversion 

than others (Borowitzka and Volcani, 1978, Tesson et al., 2009a).  

It is noteworthy that only rounded cells with a width-to-length ratio of 0.4-0.6 

were observed in Pt2 grown under red light. The authors concluded that the 

rounded form represented a general response to adverse conditions, 

showing a tendency towards aggregation and biofilm formation. The rounded 

cells expanded thylakoid membrane system and developed a red-shifted 

antenna to enhance light harvesting in acclimation to red-enhanced 

illumination, which is expected in habitats with diminished availability of 

visible light such as benthic environments and eutrophic waters and could be 

viewed as a response to the lack of other photosynthetically usable 

wavelengths (Herbstova et al., 2017). However, these rounded cells in red 

light are similar in size to Pt9 oval cells having a width-to-length ratio of 0.45-

0.63 but different from the previously reported round cells which showed a 
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ball shape under microscopy (De Martino et al., 2007). Other unfavourable 

conditions such as stationary growth phase and static condition combined 

with repeated medium exchange were reported to promote oval cell 

production as well (De Martino et al., 2007, Stanley and Callow, 2007, Willis 

et al., 2013). Interestingly, a study on a diatom/bacteria model community 

revealed that a marine Roseobacter strain, feeding on secreted diatom 

exopolymers, could influence cell aggregation by inducing a morphotype 

conversion from fusiform to oval and secretion of mucin-like proteins in Pt1 

8.6 whereas Pt4 was not significantly affected (Buhmann et al., 2016). 

Triradiate cells are sensitive to suboptimal conditions and rarely observed in 

laboratory cultures except for the strain Pt8 (De Martino et al., 2007). Low 

salinity and low temperature conditions were shown to elicit significant cell 

morphotype changes from triradiate to fusiform in Pt8. Different from Pt3 and 

Pt9, there was no evident morphotype reversion to triradiate cells in Pt8 

when the temperature for growth was shifted from 15 oC to 28 oC (De Martino 

et al., 2011). High pH or high dissolved inorganic carbon were reported to 

increase the abundance of triradiate cells in Pt2, particularly under 

subsaturating illumination for growth (Bartual et al., 2008). Other factors such 

as N and P sources or concentrations, silicate concentrations, light intensity 

and agitation did not produce evident change in cell morphotype of Pt6 and 

Pt7 (Borowitzka and Volcani, 1978). P-limitation had no significant effect on 

cell morphotype of Pt1 (Abdullahi et al., 2006). 

1.2.3 A model species: Phaeodactylum tricornutum 

P. tricornutum has been extensively studied as a model system for diatom 

biology, physiology and ecology. It is also a good model species for functional 

genomic studies due to the growing availability of genetic tools for this 

microalga. The complete genome of P. tricornutum has been sequenced, 

which is available through the Joint Genome Institute (JGI) Genome Portal at 

http://genome.jgi.doe.gov/portal/phaeodactylum (Bowler et al., 2008). P. 

tricornutum has a comparatively small genome, approximately 27.4 

megabases (Mb) in size, and is predicted to contain 10,402 genes. Of these 
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genes, 1,328 genes were diatom-specific, at least 164 genes were of red 

algal origin and 587 genes were proposed from bacteria, revealing diverse 

origins of diatom genes. Furthermore, a diatom expressed sequence tag 

(EST) database (http://www.biologie.ens.fr/diatomics/EST3) containing 

130,000 P. tricornutum ESTs  derived from cells grown under 16 different 

conditions has been constructed (Maheswari et al., 2005, Maheswari et al., 

2009, Maheswari et al., 2010). The ITS2 sequences of P. tricornutum (Pt1-

Pt10), which have been deposited in GenBank, were highly conserved 

among P. tricornutum strains and were highly divergent from other diatom 

ITS2 sequences (De Martino et al., 2007). Specific primers (forward: 5’-

tctggctgctgttcaagtgt-3’ and reverse: 5’-tcggtttccgtctccagt-3’) to amplify a 

specific region of P. tricornutum ITS2 have been developed previously and 

successfully used to detect P. tricornutum in natural environments (De 

Martino et al., 2007). In addition, a range of molecular tools required for 

transgenic strain construction have become available for P. tricornutum 

(Table 1-3). 

Genetic transformation 

A stable nuclear transformation system has been developed for P. 

tricornutum (Apt et al., 1996, Falciatore et al., 1999, Miyagawa et al., 2009, 

Niu et al., 2012, Zhang and Hu, 2014). Apt et al. successfully introduced a 

selectable marker gene (sh ble) into Pt4 cells using microparticle 

bombardment with the transformation efficiency of 1-10/107 cells and 

demonstrated that the cat reporter gene could also be introduced with this 

method and expressed at high levels (Apt et al., 1996). Co-transformation of 

Pt1 with two different plasmids, one containing the sh ble gene and another 

containing the firefly luciferase gene (luc), has also been achieved using the 

microparticle bombardment approach. It turned out that the cotransformation 

efficiencies were high, 60-70% of transformed clones containing both genes 

(Falciatore et al., 1999). Both studies demonstrated the genetic 

transformation for the fusiform morphotype of P. tricornutum. As described in 

section 1.2.1, P. tricornutum is pleiomorphic. In order to develop P. triornutum 

as a microalgal expression system and explore the relationship between cell 
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morphology and its ability to act as an expression host, it is important to be 

able to transform all three morphotypes. Successful genetic transformation of 

all three morphotypes with different P. tricornutum strains has been achieved 

using the microparticle bombardment method at highly similar transformation 

efficiencies. However, the triradiate transformants were difficult to maintain, 

only 25% of the transformants derived from 100% triradiate cells being 

triradiate while the rest being fusiform (De Martino et al., 2007). These 

studies indicated the feasibility of P. tricornutum to be transformed using the 

method of microparticle bombardment and the possibility of expressing 

heterologous genes in P. tricornutum. 

Table 1-3 Molecular tools available for P. tricornutum 

Molecular tools Name of genes/vectors References 

Selectable 
marker genes 

sh ble (phleomycin/zeocin) 
nat (nourseothricin) 
sat-1 (nourseothricin) 
nptII (G418, kanamycin) 

Apt et al., 1996 
Zaslavskaia et al., 2000 

Reporter genes cat (chloramphenicol 
acetyltransferase) 
luc (luciferase) 
uidA (β-glucuronidase) 
eGFP (green fluorescent protein) 
eYFP (yellow fluorescent protein) 

Apt et al., 1996 
Falciatore et al., 1999 
Zaslavskaia et al., 2000 
De Martino et al., 2007 

Promoter/ 
Terminator 

fcp (fucoxanthin chlorophyll binding 
protein, light & circadian regulated) 
NR (nitrate reductase, nitrate 
inducible) 
rbcL/S (rubisco large/small subunit) 
EF2 (elongation factor 2) 
HASP1 (highly abundant secreted 
protein 1) 

Apt et al., 1996 
Miyagawa et al., 2009 
Niu et al., 2012 
Xie et al., 2014 
Seo et al., 2015 
Erdene-Ochir et al., 
2019 

Vector pBluescript SK- 
pBluescript KS+ 

pPha-T1 
pHY11 
pMD19 

Apt et al., 1996 
Falciatore et al., 1999 
Zaslavskaia et al., 2000 
Niu et al., 2012 
Xie et al., 2014 

Transformation 
method 

Microparticle bombardment 
Electroporation 
Bacterial conjugation 

Apt et al., 1996 
Niu et al., 2012 
Karas et al., 2015 

Reference 
genes 

RPS (30S ribosomal protein subunit) 
TBP (TATA box binding protein) 
Histone H4 

Siaut et al., 2007 
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Another nuclear transformation method with high efficiency has been 

established for P. tricornutum. Niu et al. first reported the successful genetic 

transformation of P. tricornutum via electroporation at an efficiency of 

approximately 100/107 cells (Niu et al., 2012). This nuclear transformation 

method was further confirmed and optimised for P. tricornutum by Zhang and 

Hu. They introduced the plasmid pPha-T1 into Pt1 8.6 cells through 

electroporation and achieved a high transformation efficiency of 280/107 cells 

by optimising the electric field strength and using a linearised vector with 

carrier DNA added. Furthermore, Pt1 8.6 was successfully co-transformed 

with two plasmids containing the sh ble selectable marker gene and the uidA 

reporter gene respectively using the electroporation method, showing a co-

transformation efficiency of 60% (Zhang and Hu, 2014). In another study, Pt2 

cells grown in the presence of silicate were successfully transformed with two 

reporter genes (sgfp, uidA) using a multi-pulse electroporation system and a 

high transformation efficiency of approximately 450/107 cells was achieved 

through the optimisation of pulse conditions (Miyahara et al., 2013).  

In addition to the nuclear transformation, a high-efficiency plastid 

transformation system was also reported for P. tricornutum. The plastid 

genome of P. tricornutum has been completely sequenced, showing the 

presence of inverted repeat (IR) regions (Oudot-Le Secq et al., 2007). A 

novel plastid expression vector based on pMD19 was constructed and the 

cat and eGFP reporter genes were introduced into cells using electroporation 

and integrated into the plastid genome through homologous recombination, 

reaching a transformation efficiency of about 1/103 cells (Xie et al., 2014). 

This study demonstrated the expression of foreign genes in plastids of P. 

tricornutum. A novel nuclear episomal vector transferred by conjugation from 

Escherichia coli to P. tricornutum at a high efficiency of 4/104 cells was 

described previously (Karas et al., 2015).  

Selectable markers, Reporter genes and Promoters/Terminators 

During the development of genetic transformation systems, a variety of 

expression elements such as selectable markers and reporter genes have 
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been identified and effectively expressed in P. tricornutum (Table 1-3). 

Selectable markers are usually genes that encode proteins conferring 

resistance to antibiotics and are widely used in genetic engineering for 

primary selection of transformants, indicating the successful genetic 

transformation of cells. Reporter genes can confer some easily identified and 

measured characteristics on expression hosts, commonly used as an 

indication of the successful expression of target genes or the subcellular 

location of specific proteins in cells. The sh ble gene from the bacterium 

StreptoalIoteichus hindustanus confers resistance to phleomycin and zeocin 

and has been proven to be a reliable selectable marker in Pt4 (Apt et al., 

1996). Three other genes, nat encoding nourseothricin acetyltransferase 

from Streptomyces noursei and sat-1 encoding streptothricin 

acetyltransferase from E. coli confer resistance to the antibiotic 

nourseothricin, and nptII encoding neomycin phosphotransferase from the 

transposon Tn5 confers resistance to G418 (Geneticin). They have also been 

reported as effective selectable markers for identifying primary transformants 

of Pt4 (Zaslavskaia et al., 2000). Several reporter genes have been 

successfully expressed in P. tricornutum, including the genes encoding 

chloramphenicol acetyltransferase (cat), luciferase (luc), β-glucuronidase 

(uidA), green fluorescent protein (egfp) and yellow fluorescent protein (eyfp) 

(Apt et al., 1996, Falciatore et al., 1999, Zaslavskaia et al., 2000, De Martino 

et al., 2007). The gfp gene is widely used due to the direct visualization of 

target proteins within cells through green fluorescence. Notably, codon usage 

has a significant impact on the efficient expression of gfp in P. tricornutum 

(Zaslavskaia et al., 2000).  

In the above studies, three types of promoters and terminators from P. 

tricornutum were used to drive expression of exogenous genes in P. 

tricornutum. One is the light-regulated promoters/terminators from the highly 

expressed P. tricornutum fcp genes (Pt-fcp) encoding fucoxanthin chlorophyll 

binding proteins (Apt et al., 1996, Falciatore et al., 1999). FCPs are major 

components of the light-harvesting complexes of photosynthetic apparatus. 

Another is the P. tricornutum nitrate reductase (NR) promoter/terminator (Pt-

NR), which is induced by nitrate and repressed when ammonium is used as 
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the only nitrogen source (Niu et al., 2012). This inducible system can be used 

to control the expression of heterologous genes. The fcp and NR 

promoters/terminators derived from the pennate diatom Cylindrotheca 

fusiformis (Cf-fcp & Cf-NR) were also tested in P. tricornutum for driving 

expression of the zeocin resistance gene (ble) and the egfp gene 

respectively in one plasmid. Pt4 was transformed by microparticle 

bombardment and both promoters worked with a transformation efficiency of 

65/107 cells obtained, higher than those with Pt-fcp promoters/terminators, 

suggesting that the Cf-fcp promoter activity might be stronger than that of Pt-

fcp promoter (Miyagawa et al., 2009). In addition, the promoter of the rubisco 

large subunit (rbcL) and the terminator of the rubisco small subunit (rbcS) 

from P. tricornutum plastid genome were employed to drive the eGFP 

expression in plastids of P. tricornutum (Xie et al., 2014). Recently, a novel 

expression vector containing the luc reporter gene fused to the constitutive P. 

tricornutum elongation factor 2 (EF2) promoter was constructed and 

introduced in P. tricornutum via microparticle bombardment, resulting in a 

higher luciferase expression level compared to the Pt-fcpB promoter (Seo et 

al., 2015). An endogenous promoter HASP1 (highly abundant secreted 

protein 1) was also found to strongly drive GFP expression in P. tricornutum 

(Erdene-Ochir et al., 2019). 

Additionally, several housekeeping genes such as RPS (30S ribosomal 

protein subunit), TBP (TATA-box binding protein) and histone H4 were 

identified as rather stable internal references for gene expression analysis by 

quantitative real-time PCR (qRT-PCR) in P. tricornutum (Siaut et al., 2007). 

These advanced resources will enhance the potential use of P. tricornutum 

for both basic biological research and industrial applications through gene 

manipulation. The available whole-genome sequences and molecular tools 

will facilitate exploration of gene function and diatom biology thereby 

understanding more about their ecological roles in aquatic environments. The 

highly developed transgenic technologies for P. tricornutum will allow the 

expression of value-added proteins in P. tricornutum and drive its utilisation 

for industrial biotechnology. Therefore, it is important that the impact of its 
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pleiomorphism is investigated in order to optimise productivity of valuable 

compounds or recombinant proteins for P. tricornutum biotechnology. 

1.2.4 Biotechnological applications of Phaeodactylum tricornutum 

The aim of the microalgal biorefinery is to create an industrial process to 

extract high-value products while converting lipids or carbohydrates within 

microalgal biomass feedstock into biofuels or platform chemicals then further 

converting the residual biomass to additional value-added marketable 

products (Hossain et al., 2017). This process aims to take full advantage of 

microalgal biomass to achieve sustainable and economical production of bio-

based products at an industrial scale. Microalgae represent a renewable 

source of valuable compounds such as proteins, pigments, lipids and 

polysaccharides (section 1.1.1). 

P. tricornutum, as a marine microalga, has great industrial significance both 

for industrial biorefinery and for synthetic biology. This species grows in 

brackish to saline water with a high growth rate of 0.09 h-1 under optimal 

conditions (Perez et al., 2008). P. tricornutum has been commercially 

cultivated for aquaculture and shows important potential applications in 

nutritional and pharmaceutical industries. This species has been identified as 

a natural rich source of the high-value omega-3 fatty acid EPA (C20:5) and 

the marine carotenoid fucoxanthin (Yongmanitchai and Ward, 1991, Kim et 

al., 2012). It is commonly known that omega-3 polyunsaturated fatty acids 

(PUFAs), particularly EPA and DHA, are essential for brain and eye 

development of infants and they have been shown to prevent or reduce the 

risk of some diseases, such as cardiac disease, inflammation and cancers 

(Leaf et al., 2003, Calder, 2006, Larsson et al., 2004). Fucoxanthin has also 

been found to have multiple bioactivities including antioxidant, anti-cancer, 

anti-inflammatory, anti-obesity and anti-diabetic effects (Peng et al., 2011, 

Maeda, 2015). In addition, P. tricornutum is considered as a potential 

renewable feedstock for biofuel production due to its capability to accumulate 

high lipids (up to 42.5% DW) and carbohydrates (~50% DW), particularly 

triacylglycerides (TAGs) and chrysolaminarin under nitrogen starvation (Gao 
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et al., 2017, Breuer et al., 2012). However, the authors did not specify the cell 

morphotype of P. tricornutum in their studies. 

Microalgal lipids can generally be classified into two categories: neutral lipids 

(NLs) comprising acylglycerides and free fatty acids, and polar lipids (PLs) 

including glycolipids and phospholipids (Cuellar-Bermudez et al., 2015). 

TAGs, a storage pool of energy existing as lipid bodies in cells, are 

precursors for biodiesel production (Bilbao et al., 2017) and PLs are 

important components of various cellular membrane structures (van Meer et 

al., 2008). Both the biomass yield and the biochemical profile of microalgae 

vary greatly depending on culture conditions such as nutrients, temperature 

and light. It has been widely reported that NLs, primarily TAGs, were 

significantly accumulated under N starvation in microalgae, representing up 

to 90% of total fatty acid (TFA) content and over 40% DW in some species 

(Breuer et al., 2012). In P. tricornutum, EPA is present in all lipid classes, 

mainly in PLs. Among PLs, the highest EPA content was found in the 

glycolipid fraction of sulfoquinovosyl diacylglycerol (SQDG) (Yang et al., 

2017). P. tricornutum has been reported to contain about 1.7-4.4% DW EPA 

(30-40% of TFAs) depending on strains and growth conditions (Medina et al., 

1998, Steinrucken et al., 2018). Vitamins B1 and B12 did not significantly 

affect growth of P. tricornutum, but B12 supplementation was shown to 

enhance the EPA production (Yongmanitchai and Ward, 1991). P. tricornutum 

does not absolutely require cobalamin, thiamine and biotin for growth 

(Moejes et al., 2017). Vitamin B12 is only produced by some bacteria, 

cyanobacteria and archaea but is required by many eukaryotic microalgae as 

a cofactor for the enzyme methionine synthase. The available genome 

sequence of P. tricornutum indicates that its genome encodes both the B12-

dependent methionine synthase (MetH) and the B12-independent methionine 

synthase (MetE), thus P. tricornutum having a flexible cobalamin demand 

(Bertrand et al., 2012). 

Application of transgenic P. tricornutum 

The advanced genetic toolkits developed for P. tricornutum greatly facilitate 
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the exploitation of this species for industrial biotechnology (section 1.2.3). 

Apart from the naturally accumulated products in wild strain, genetically 

engineered strains can potentially be used to improve the commercial value 

of P. tricornutum through expressing genes with specific interest. Strategies 

for genetic engineering of P. tricornutum include modification of existing 

biosynthetic pathways to overproduce desired molecules and direct 

biosynthesis of recombinant proteins by introducing exogenous genes or 

overexpressing endogenous genes. Table 1-4 shows several bioproducts 

with yields achieved in transgenic P. tricornutum.  

Several research groups have succeeded in overproduction of lipids in P. 

tricornutum by adopting a metabolic engineering approach. Yao et al. 

enhanced glycerol and NLs production in fusiform P. tricornutum through 

overexpressing endogenous glycerol-3-phosphate dehydrogenase (GPDH). 

This study showed that there was a 6.8-fold increase in glycerol 

concentration, and a 1.6-fold increase in total lipid (TL) content reaching 

39.7% DW in transgenic P. tricornutum. However, the final transgenic cell 

concentration decreased by 20% and the EPA content decreased by 24% 

(Yao et al., 2014). One challenge in developing microalgal strains for 

biodiesel production is the achievement of both biomass yield and interested 

lipids such as TAGs. The malic enzyme (ME) catalyzes the conversion of 

malate to pyruvate and its transcript level in P. tricornutum increased by over 

7-fold upon N starvation (Yang et al., 2013). Overexpression of the 

endogenous ME in fusiform Pt1 8.6 resulted in a 2.7-fold increase in NLs and 

a 2.5-fold increase in TL content to 57.8% DW at a similar growth rate to the 

wild-type cells. Treatment of transgenic cells under N starvation further 

increased the NL content by 31%, 66% higher than that in wild-type cells 

(Xue et al., 2015). Moreover, an enhanced lipid-producing strain of Pt1 8.6 

with 45-fold increase in TAG accumulation was generated via disruption of 

the UDP-glucose pyrophosphorylase gene using the molecular scissor 

transcription activator-like effector nucleases (TALEN) for targeted 

mutagenesis (Daboussi et al., 2014). P. tricornutum has a low amount of 

DHA while accumulating EPA. Augmentation of DHA production in Pt4 has 

been achieved by expressing the heterologous Δ5-elongase, which catalyzes 
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Table 1-4 Bioproducts produced by transgenic P. tricornutum 

Product Transformation 
system 

Yield Strain & 
morphotype 

Reference 

Human IgG1 
antibody 
CL4mAb, 
HBsAg 
(Hepatitis B 
surface 
antigen) 

Vector: pPha-NR (sh 
ble) 
Pro/Ter: Pt-NR 
Reporter gene: eGFP 
Microparticle 
bombardment 

Antibody: 8.7% 
TSP, 2.1% DW, 
1.6 mg L-1 per 
week 
Antigen: 0.7% 
TSP 

Pt4 
Fusiform 

Hempel et 
al., 2011b 

Bioplastic 
PHB  

Vector: pPha-NR (sh 
ble) 
Pro/Ter: Pt-NR 
Reporter gene: eGFP 
Microparticle 
bombardment 

10.6% DW NA 
Fusiform 

Hempel et 
al., 2011a 

DHA Vector: pPha-T1 (sh 
ble) 
Target: Δ5-elongase 
Pro/Ter: fcpA  
Microparticle 
bombardment 

10.4% TFAs 
(8-fold increase) 

Pt4 
NA 

Hamilton 
et al., 
2014 

Glycerol 
NLs 
TLs 

Vector: pHY11 (cat) 
Target: GPDH 
Pro/Ter: fcpC/fcpA 
Electroporation 

Glycerol: 6.8-fold 
increase 
NLs: 1.9-fold 
increase 
TLs: 39.7% DW 

FACHB-863 
Fusiform 

Yao et al., 
2014 

TLs 
NLs 

Vector: pHY11 (cat) 
Target: ME 
Pro/Ter: fcpC/fcpA 
Electroporation 

TLs: 57.8% DW 
(2.5-fold increase) 
NLs: 66% 
increase 

Pt1 8.6 
Fusiform 

Xue et al., 
2015 

Fucoxanthin Vector: pPha-T1 (sh 
ble) 
Pro/Ter: fcpA, NR 
Microparticle 
bombardment 

2.4% DW  
(2.4-fold increase) 

Pt4 
NA 

Eilers et 
al., 2016 

Triterpenoids 
(lupeol and 
betulin) 

Vector: pPha-T1 (sh 
ble) 
Pro/Ter: fcpA  
Microparticle 
bombardment 

Lupeol: 0.1 mg L-1, 
2 days 
Betulin: NA 

Pt1 8.6 
NA 

D'Adamo 
et al., 
2019 

Phytase 
DHA 

Vector: pPhOS2 (sh 
ble) 
Pro/Ter: fcpA, EF2 or 
CIP1/fcpA  
Microparticle 
bombardment 

Phytase activity: 
23-40 FTU mg-1 
soluble protein 
DHA: 8-11% TFAs 
EPA:19-26% TFAs 

Pt4 
Fusiform 

Pudney et 
al., 2019 

NA, not available; TSP, total soluble protein; DW, dry weight; PHB, poly-3-
hydroxybutyrate; TFAs, total fatty acids; NLs, neutral lipids; TLs, total lipids; Pro/Ter, 
promoter/terminator; GPDH, glycerol-3-phosphate dehydrogenase; ME, malic 
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enzyme; CIP1, an algal virus promoter of a putative replication-associated gene 
from Chaetocero lorenzianus-infecting DNA virus; FTU, phytase activity units. 

the elongation of EPA to convert into DHA. With this method, the DHA 

accumulation was markedly increased by 8-fold, averaging 10.4% of TFAs 

and the transgene-generated DHA was accumulated in TAGs (Hamilton et 

al., 2014). In addition, the fucoxanthin production was enhanced by up to 2.4-

fold to 2.4% DW in Pt4 via overexpressing the endogenous 1-deoxy-D-

xylulose 5-phosphate synthase (dxs) or phytoene synthase (psy) (Eilers et 

al., 2016). 

Successful genetic engineering has been achieved in fusiform Pt4 for the 

expression of high-value therapeutic recombinant proteins such as a 

monoclonal human IgG antibody and the respective antigen of Hepatitis B 

surface protein. Both the antibody and antigen were proved to be fully-

assembled and functional and accumulated to 8.7% and 0.7% of total soluble 

protein, respectively (Hempel et al., 2011b). P. tricornutum could also perform 

as a microalgal bioreactor for biodegradable bioplastic production. The 

heterologous expression of bacterial enzymes, introducing the poly-3-

hydroxybutyrate (PHB) biosynthetic pathway from Ralstonia eutropha H16, 

resulted in successful accumulation of the bioplastic PHB, reaching up to 

10.6% DW in fusiform P. tricornutum (Hempel et al., 2011a). In addition, Pt1 

8.6 was successfully engineered to express plant enzymes including a Lotus 

japonicus oxidosqualene cyclase and a Medicago truncatula cytochrome 

P450 along with its reductase for the production of triterpenoids, betulin and 

lupeol (D'Adamo et al., 2019). The co-expression of Δ5-elongase from 

Ostreococcus tauri and phytase from either E. coli or Aspergillus niger led to 

accumulation of high levels of EPA and DHA together with phytase in 

fusiform Pt4 without influencing cell growth rate (Pudney et al., 2019).  

These studies demonstrated the feasibility of synthesising bioproducts in P. 

tricornutum through genetic manipulation. Such progress in genetic 

engineering could drive forward not only our understanding on the molecular 

mechanisms of product accumulation in P. tricornutum but also the 
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development of P. tricornutum as a microalgal expression platform for 

commercial production of high-value compounds. 

1.3 Downstream bioprocessing of microalgae  

Microalgae represent great potential for commercial production of 

bioproducts such as pigments (chlorophylls and carotenoids), proteins, 

carbohydrates, lipids and biopolymers (Khanra et al., 2018, Kim et al., 2013). 

Development of efficient downstream processing technologies is one of the 

key factors that determine the quality and economic feasibility of microalgae-

based products. The key steps involved in the industrial production process 

of microalgal biomolecules generally include cell cultivation, cell harvest, pre-

treatment, extraction and purification (Figure 1-6). The downstream process 

was reported to contribute to 60% of the total production cost of biodiesel 

(Kim et al., 2013). After cultivation, harvesting and cell disruption are the 

essential downstream steps for intracellular product recovery. 

 
Figure 1-6 A schematic diagram showing the general industrial production 
process of microalgal biomolecules. 
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1.3.1 Cell harvest 

Harvesting is the initial step for recovery of microalgal biomass from the 

growth medium, which requires one or more solid-liquid separation 

techniques. Microalgal cells are typically small in size (3-30 μm in diameter) 

and culture broths are generally relatively dilute (<0.5 g L-1 dry biomass in 

some commercial production systems) with large volumes, making the 

recovery of microalgal biomass challenging (Grima et al., 2003, Sharma et al., 

2013). The harvesting process of microalgae from dilute suspension at large 

scale is costly and energy intensive, contributing to 20-30% of the total cost 

of biomass production (Grima et al., 2003). Selection of harvesting 

techniques for microalgae processing is largely depending on the species, 

culture conditions, end products and cell density of microalgal cultures. 

A range of techniques are available for microalgae harvesting, including 

flocculation, centrifugation, filtration, flotation, gravity sedimentation and so 

forth (Singh and Patidar, 2018). The diverse microalgae harvesting and 

concentrating techniques are well documented, categorised into chemical, 

mechanical, biological and electrical based methods (Grima et al., 2003, Kim 

et al., 2013, Milledge and Heaven, 2013). These techniques can be used 

alone or in combination for more efficient and cost-effective cell harvest. 

Microalgal cells usually possess a negatively charged surface through zeta 

potential measurement, a similar density to the culture medium and a 

dispersed state, resulting in slow natural settling of cells by gravity 

(Gonçalves et al., 2015, Singh and Patidar, 2018). According to the Stokes’ 

law, the settling speed of spherical particles in fluid is described as follows: 

𝑽𝒈 =
∆𝝆
𝟏𝟖𝝁

𝒅𝒑
𝟐𝒈	                                                                           Equation 1-1 

where the settling speed of particles, Vg, is a function of the density 

difference between the solid and liquid phase, ∆ρ, the viscosity μ, the 

diameter of settling particles dp and the gravitational force g.  
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Centrifugation is one of the most commonly used methods for harvesting 

microalgal biomass by replacing gravity with centrifugal force. This 

mechanical method is applicable to all microalgae. Large volume of dilute 

microalgal culture broth can be easily processed by centrifugation in a fast 

and effective way with high recovery efficiency (>90%) and chemical-free 

biomass obtained (Singh and Patidar, 2018). However, centrifugation 

requires high energy consumption and has high capital, operational and 

maintenance costs due to the fast-moving mechanical parts of the equipment 

(Uduman et al., 2010). Centrifugation is thus considered as an expensive 

technique and suitable for recovery of high-value microalgal products such as 

omega-3 PUFAs (Grima et al., 2003). Biodiesel production by centrifugation 

is not recommended as more energy is consumed than that produced 

(Milledge and Heaven, 2013). In addition, the high degree of shear forces 

generated in industrial centrifuges due to the rapid acceleration of feed 

stream to the set spinning speed and the high discharge velocity of solids 

could disrupt algal cells, and consequently lower the attainable product 

productivity (Titchener-Hooker et al., 2008, Uduman et al., 2010). 

Flocculation has been proposed as a superior pre-harvesting method for 

concentrating the dilute algal suspension to an algal slurry of 2-7% total 

suspended solids (Uduman et al., 2010, Sharma et al., 2013). Flocculation 

can be induced by addition of flocculants such as aluminium sulphate, ferric 

chloride, sodium hydroxide and chitosan based on the mechanism of surface 

charge neutralisation, leading to agglomeration of microalgal cells 

(Branyikova et al., 2018). The flocculation efficiency of P. tricornutum cultures 

was dramatically improved at pH of 9.75 after 10 min settling time or when 

chitosan was added at 20 mg L-1 with an adjusted pH of 9.9 (Sirin et al., 

2012). The flocculation method has a low energy requirement and can be 

used for large scale with a wide range of species. However, the chemical 

flocculants may be expensive and contaminate the obtained biomass (Singh 

and Patidar, 2018). Filtration yields high-quality algal biomass, but this 

method is time consuming with high capital and operating costs to avoid filter 

fouling and suitable for harvesting large microalgae (Yellapu et al., 2018). It 

has been proven that flocculation combined with the subsequent dewatering 
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steps by centrifugation or filtration could improve harvesting efficiencies and 

reduce process costs (Sharma et al., 2013). 

There is no one superior harvesting method applicable to all cases. From the 

perspective of microalgae application, different orders of suitability of the 

harvesting techniques were proposed for production of biofuels, human and 

animal food, and high-value products. Flocculation was recommended for 

biofuel production considering biomass quantity and cost. By contrast, for 

human and animal food and high-value products, the best options for 

harvesting were filtration and centrifugation, respectively, considering 

biomass quality and toxicity (Singh and Patidar, 2018). Nutrient recycling 

after separation is helpful for reducing the harvest process cost. 

Development of efficient and economical harvesting process, which may be 

microalgae strain specific, is still necessary for the production of metabolites 

from microalgae. 

1.3.2 Cell disruption 

After cultivation and harvesting, pre-treatment methods such as drying and 

cell disruption are most commonly used for microalgal biomass processing 

based on the extraction procedure and the final product. Most of the 

bioproducts including chlorophylls, carotenoids, fatty acids and proteins are 

intracellular in nature and can generally only be recovered by solvent 

extraction (Halim et al., 2019). Cell disruption is an essential downstream 

step for intracellular product recovery. It is a crucial step to rupture the cell 

wall thereby enhancing extraction efficiency of biomolecules from microalgae. 

However, the cell wall structure and composition of microalgae is complex 

and has a significant impact on the disruption efficiency (Alhattab et al., 

2019). Microalgal cell walls are diverse and sometimes structurally robust, 

composed of interlinking biopolymers (polysaccharides and glycoprotein) 

(Halim et al., 2019). Diatoms possess rigid silicified cell wall with complex 

sulphated polysaccharides as the major component (Le Costaouec et al., 

2017). High energy consumption or large quantities of chemicals are required 

to disrupt cells in order to maximise intracellular product recovery from 



55 

 

microalgae, which remains a major barrier to the commercial application of 

microalgae (Alhattab et al., 2019). However, this could be advantageous in 

some cases where intact microalgal cells are required for whole cell products 

like edible vaccines (Rosales-Mendoza et al., 2016).  

Cell disruption of microalgae can be performed with a variety of techniques, 

classified into two categories: mechanical and non-mechanical. Mechanical 

methods include bead milling, high-pressure homogenisation, ultrasonication, 

microwave, autoclaving, steam explosion, etc. This type of cell disruption 

methods result in non-specific cell wall breakdown due to high mechanical 

forces and were found effective for large-scale operations (Gunerken et al., 

2015). The non-mechanical methods including chemical and enzymatic 

treatments are using chemicals such as acids, alkalis and surfactants, or 

enzymes like cellulase, lysozyme and snailase, or osmotic shock to lyse 

microalgal cells. The enzymes, papain and bromelain, were shown to be 

effective in facilitating lipid extraction from P. tricornutum (Horst et al., 2012). 

Enzymatic lysis has the advantages of biological specificity, mild operating 

conditions and low energy requirement. However, this method is restricted by 

the high cost of enzymes, long process time and low enzyme availability for 

algae disruption (AI hattab and Ghaly, 2015). Chemical additions for cell 

disruption are potentially toxic and not environmental-friendly and may affect 

cell constitutes, such as protein denaturation by alkali and pigment 

degradation by acid (Gunerken et al., 2015, Wang et al., 2014). 

High-pressure homogenisation is commonly employed in the biotechnology 

industry to break cells, releasing valuable intracellular products. This cell 

disruption method involves passing the cell suspension at high pressure and 

low temperature, through an adjustable valve with a narrow cavity. Cell 

breakage is thus achieved with several mechanisms including fluid shear 

forces, cavitation from a rapid pressure drop and high velocity impact on the 

impact ring (Blaha et al., 2018). This process can be repeated for several 

passes increasing the levels of cell disruption. Models have been developed 

for the protein release accompanying cell disruption from high-pressure 

homogenisation as follows (Follows et al., 1971, Blaha et al., 2018): 
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𝐥𝐧 ( 𝑹𝒎𝒂𝒙
𝑹𝒎𝒂𝒙*𝑹

) = 𝒌𝑵𝒑𝜶                                                                       Equation 1-2 

where Rmax represents the maximum amount of protein releasable, R is the 

amount of protein released after N passes through the valve, k is a 

temperature dependent rate constant, p is the operating pressure and α is a 

constant, a measure of a microbe’s resistance to disruption. High-pressure 

homogenisation is a preferred method for the large-scale disruption of 

microalgal cells with effective cell rupture, low risk of thermal degradation. 

The specific energy consumption varies (0.25-147 kWh kg-1 of biomass) 

depending on algae species, biomass concentration and growth conditions 

(Gunerken et al., 2015).  

Ultrasonication is one of the most widely used methods for laboratory-scale 

rupture of microalgal cells. Several mechanisms contribute to the cell 

disruption by ultrasonication (Priego-Capote and de Castro, 2007). The high 

intensity ultrasonic waves initiate cavitation bubbles and the propagating 

shock waves generate jet streams in the surrounding suspension causing 

high shear forces (AI hattab and Ghaly, 2015). Furthermore, the formation of 

free radicals due to the thermolysis of water also contributes to cell rupture 

(Zhang et al., 2007b). Ultrasonication has been demonstrated to be effective 

in assisting lipid extraction from microalgae with the specific energy 

consumption ranging from 0.06 kWh kg-1 to 119 kWh kg-1 for different species 

(AI hattab and Ghaly, 2015, Gunerken et al., 2015). Sonication was found to 

be less efficient compared to homogenisation when a partially miscible 

solvent system, hexane-methanol was used for lipid extraction from P. 

tricornutum (Balasubramanian et al., 2013). To increase cell disruption 

efficiency and reduce the energy demand, ultrasonication could be combined 

with other cell disruption methods like chemical methods, which would be 

interesting for the mild microalgae biorefinery. 

A previous study comparing various cell disruption methods indicated that 

bath sonication, steam explosion and microwave radiation were suitable for 

microalgae pre-treatment and for large-scale operations while freeze drying, 

autoclaving and enzymatic techniques were considered as unsuitable due to 
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the high costs, long treatment time or scale up difficulty (AI hattab and Ghaly, 

2015). Evaluation of different cell rupture methods on lipid extraction from P. 

tricornutum showed that lipid extraction efficiency was higher after steam 

explosion treatment compared to autoclaving, ultrasound and microwave 

techniques (Lorente et al., 2015). Recently, some new technologies such as 

explosive decompression, laser treatment, microfluidizer, high frequency 

focused ultrasonication and cationic polymer coated membranes are 

emerging in microalgae cell disruption and are being applied to aid the 

extraction of bioactive molecules from microalgae (McMillan et al., 2013, 

Gunerken et al., 2015, Wang et al., 2014, Yoo et al., 2014). 

1.4 Ultra scale-down (USD) techniques 

Evaluation of the performance of large-scale bioprocessing by direct 

experimental method is material, time and cost consuming and labour-

intensive. In bioprocess development, ultra scale-down (USD) technologies 

enable to use experimentation at the millilitre scale to rapidly assess the 

large-scale bioprocessing performance with greater ease and low cost (Rayat 

et al., 2016). Different from conventional scale-down approaches with similar 

geometry and flow characteristics, USD techniques mimic critical parameters 

that will dominate and determine performance when scale changes are made 

in the bioprocessing (Titchener-Hooker et al., 2008). Evaluation of these 

dominant effects at small scale will allow prediction of large-scale 

performance. A series of USD approaches have been developed for 

investigation of a range of downstream processing operations including 

flocculation, centrifugal clarification, dewatering and discharge, 

homogenisation, filtration and pump transfers (del Real et al., 2014, Boychyn 

et al., 2004, Lopes and Keshavarz-Moore, 2012, Aucamp et al., 2014, 

Fernandez-Cerezo et al., 2019, Zhang et al., 2007a, Li et al., 2013). 

1.4.1 Ultra scale-down centrifugation 

The USD centrifugation is using an USD rotating-disc shear device, which 

was designed to mimic the hydrodynamic environments experienced by cells 

in the feed zone of industrial centrifuges, followed by a bench-top 
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centrifugation to predict the performance of large-scale centrifugation (Figure 

1-7) (Boychyn et al., 2001). 

 
Figure 1-7 Ultra scale-down centrifugation to mimic and predict the large-scale 
centrifugation performance. 

The utilisation of a high-speed rotating-disc shear device combined with a 
laboratory-scale centrifugation to predict the large-scale centrifugal recovery. The 
image is cited from a previous report (Boychyn et al., 2001). 

The performance of large-scale centrifuges can be predicted using the USD 

centrifugation based on the Sigma Theory (Ambler, 1959) as follows: 

𝑸𝑳𝑺
𝑪𝑳𝑺𝜮𝑳𝑺

= 𝑽𝑼𝑺𝑫
𝑪𝑼𝑺𝑫𝒕𝑼𝑺𝑫𝜮𝑼𝑺𝑫

                                                           Equation 1-3 

where QLS, CLS, SLS represent the flow rate, calibration factor and equivalent 

settling area of large-scale (subscript LS) centrifuges and VUSD, CUSD, tUSD, 

SUSD represent the centrifuged sample volume, calibration factor (CUSD=1), 

centrifugation time, and equivalent settling area of bench-top (subscript USD) 

centrifuges. 

According to the Sigma Theory, the ratio of flow rate to equivalent settling 

area (Q/(CS)) is constant across centrifuges of different types and scales. 
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The flow rate for a batch centrifuge can be expressed as the sample volume 

divided by the centrifugation time, thus enabling to compare the performance 

of continuous and batch centrifuges with the above Equation 1-3.   

The equivalent settling area of the bench-top centrifuge (SUSD) can be 

determined with the following equation (Maybury et al., 2000): 

𝜮𝑼𝑺𝑫 =
𝑽𝑼𝑺𝑫𝝎𝟐(𝟑,𝟐𝒙,𝟐𝒚)

𝟔𝒈𝒍𝒏5 𝟐𝑹𝟐
𝑹𝟐'	𝑹𝟏

6
			                                      Equation 1-4 

where VUSD represents the centrifuged sample volume, ω (rad s-1) represents 

the angular velocity (=2pN, where N is the rotational speed of centrifugation), 

x and y represent the fractional acceleration and deceleration time 

respectively, g is the gravitational acceleration and R1 and R2 are the inner 

and outer radii of rotation. An example sigma calculation can be found in 

Appendix.  

The use of laboratory centrifuges for direct prediction of the large-scale 

centrifugation performance is challenging because the high levels of flow 

stresses occurring in large-scale centrifuges may cause damage to shear-

sensitive biological materials. As a consequence, the proportion of fine 

particles could increase leading to a reduction in the recovery efficiency and 

overprediction of large-scale centrifuge performance (Maybury et al., 2000). 

Advances in computational fluid dynamics (CFD) enable the complex flow 

and energy dissipation patterns in continuous industrial centrifuges to be 

quantified. A maximum energy dissipation rate of 2-14x105 W kg-1 was 

reported in the feed zone, where breakage primarily occurred, of the 

industrial centrifuges including disc-stack centrifuge, multichamber-bowl 

centrifuge and CARR PowerfugeTM centrifuge (Boychyn et al., 2001, 

Boychyn et al., 2004). A small high-speed rotating-disc shear device (Figure 

1-8) has been designed to reproduce the energy dissipation rates in industrial 

centrifuges with the aid of CFD analysis (Levy et al., 1999, Boychyn et al., 

2001). The degree of shear stress generated in the device is controlled by 

the speed of disc rotation. Millilitre quantities of feed material are shear-
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treated in the USD shear device operating at a speed that mimics the flow 

stress experienced by cells in the feed zone of large-scale centrifuges. This 

step enables to assess the impact of centrifugation conditions on the 

recovery performance of shear-sensitive materials with a subsequent bench-

top centrifugation. 

 
Figure 1-8 A diagram of an USD rotating-disc shear device (kompAsTM) with 
the energy dissipation rates predicted by CFD. The image is from a previous 
report (Rayat et al., 2016) 

The USD centrifugation approach has been successfully applied to predict 

the clarification performance of various large-scale continuous-flow 

centrifuges with diverse biological materials. For example, separation of a 

green microalga, Chlamydomonas reinhardtii using disc-stack centrifuges 

(Stoffels et al., 2019), recovery of protein precipitates using multichamber-

bowl centrifuges, a disc-stack centrifuge and a CARR PowerfugeTM 

centrifuge (Boychyn et al., 2001, Boychyn et al., 2004), mammalian cell 

separation in disc-stack centrifuges (Hutchinson et al., 2006, Zaman et al., 

2009), separation of the flocculated E. coli heat extract using a disc-stack 

centrifuge (Berrill et al., 2008) and separation of the flocculated recombinant 

E. coli broths in a disc-stack centrifuge and a tubular bowl centrifuge 
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(Voulgaris et al., 2016). From these studies, all the predicted results from the 

USD centrifugation method were verified at a pilot or industrial scale. This 

approach can also be used to investigate the interactions between 

centrifugation and other processing unit operations such as interactions of 

flocculation, centrifugation and depth filtration (Voulgaris et al., 2016, Joseph 

et al., 2016) and interactions of homogenisation and centrifugation (Chatel et 

al., 2014, Rayat et al., 2016). 

In addition, the USD rotating-disc shear device has been applied to assess 

the effects of shear stress on the properties of valuable biological materials 

such as aluminium phosphate adjuvant, adjuvant-containing vaccine drug 

products (Kolade et al., 2015), human cells for cancer vaccine therapy 

(Mccoy et al., 2009) and an antibody fusion protein expressed by X33 Pichia 

pastoris for colorectal cancer treatment (Blas et al., 2018). Moreover, this 

device was used to simulate the shear conditions in pump transfers to predict 

the shear damage of supercoiled circular plasmid DNA (Zhang et al., 2007a) 

and the shear conditions during formulation and vial filling operations to 

assess responses of human cancer vaccine cells (Mccoy et al., 2010). 

During large-scale centrifugation, an additional level of breakage could occur 

due to the centrifugal discharge, which has proven to be correlated with the 

impact velocity (Chan et al., 2006). Discharge from disc-stack centrifuges 

was shown to result in 10-20% disruption of E. coli (Gary et al., 1972) and 

cell breakage of a cell wall-reduced strain of the green microalga C. 

reinhardtii (Stoffels et al., 2019). A capillary discharge device has been used 

to mimic centrifugal discharge to predict damage of bioengineered E. coli 

strains for Fab production (Aucamp et al., 2014).  

1.4.2 Ultra scale-down cell disruption 

Release of protein or enzymes from bakers’ yeast by cell disruption using an 

industrial high-pressure homogeniser or agitator mill had been studied in the 

1970s (Follows et al., 1971, Currie et al., 1972). Models for rupture of 

microorganisms by high-pressure homogenisation were developed, 
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describing the changes in particle size distribution accompanying cell 

disruption under various homogenising conditions (Shamlou et al., 1995, 

Siddiqi et al., 1996). The high-pressure homogenisation models established 

using natural yeast were further refined for a recombinant yeast strain using 

a scale-down unit, a Manton Gaulin Lab40 high-pressure homogeniser. The 

use of this scale-down device enabled model parameters to be collected 

rapidly from small volume (40 mL) of feed materials and enables to predict 

and optimise large-scale performance of high-pressure homogenisation in 

disrupting recombinant yeast to yield an intracellular protein (Varga et al., 

1998). A CFD model was applied to characterise the fluid dynamics in an 

industrial high-pressure homogeniser for E. coli disruption (Miller et al., 2002). 

These studies provided the basis for the development of USD cell disruption 

technologies.  

More recently, an USD cell disruption method based on adaptive focused 

acoustics (AFA) (Figure 1-9) has been used to mimic the high-pressure 

homogenisation of recombinant E. coli for recovery of an intracellular 

antibody fragment. Given the same fractional release of the antibody 

fragment or overall protein, the cell debris particle size distribution of the 

disruptate produced by AFA was in good agreement with that of the 

homogenate produced by pilot high-pressure homogenisation. This was 

further verified by USD centrifugation (as described in section 1.4.1) of both 

disruptates, demonstrating the same sedimentation characteristics (Li et al., 

2012). Moreover, this research group studied the interaction of fermentation, 

homogenisation and centrifugation using a combination of AFA-based USD 

cell disruption approach followed by microwell-based USD centrifugation. 

Successful verification was achieved using a pilot high-pressure 

homogeniser followed by a pilot disc-stack centrifuge through comparing the 

faction of antibody fragment release, particle size distribution and solid 

carryover in the supernatant (Li et al., 2013). The particle size distribution 

information is especially essential because increasing cell rupture to achieve 

near complete protein product release will decrease particle size with the 

subsequent micronised debris removal by centrifugation challenging. Another 

group applied this USD cell disruption platform to Pichia pastoris for recovery 
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of intracellular recombinant protein. Models of cell rupture by AFA were 

developed based on five different performance criteria, allowing to mimic the 

large-scale homogenisation processes (Blaha et al., 2018).  

 
Figure 1-9 A diagram showing the Covaris focused acoustic ultrasonicator. 

1, cooled water bath in a tank at 10 oC; 2, acoustic transducer; 3, sample vessel, e.g. 
1 mL millitube (Covaris, USA); 4, acoustic focal zone. The image is adapted from a 
figure in a previous report (Blaha et al., 2018). 

1.5 Aims and objectives 

P. tricornutum is of growing interest as a production system for sustainable 

manufacture of lipids and small molecules, as well as recombinant proteins. 

The overall aim of this thesis was to explore how the cell morphotypes of P. 

tricornutum might influence its industrial applications, thereby optimising P. 

tricornutum as a microalgal expression host for industrial biotechnology. To 

achieve these, the objectives are as follows. 

The first objective was to determine if culture conditions are capable of 
triggering cell morphotype change of the selected ecotypes of P. 
tricornutum, Pt1 8.6 and Pt4, in liquid cultures and maintain the 
obtained morphotype in high abundance. These two strains were selected 

because the advanced genetic toolkits available for P. tricornutum were 

mostly established using these two strains (section 1.2.3). Pt1 8.6 has been 

selected for genome sequencing and 12,000 ESTs have been generated 
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from this strain and organised in a queryable database. Pt4 has a different 

genotype from Pt1 8.6 (Table 1-1) and may behave differently to varying 

environmental conditions. Pt4 has also been frequently used for developing 

genetic tools including genetic transformation method, selectable markers 

and reporter genes and for recombinant protein expression (Table 1-4). 

Overall, valuable genetic information is available for both strains to study cell 

shape control and to construct GM strains. Two culture media, f/2 medium 

and Mann & Myers’ medium, were used for P. tricornutum cultivation to 

investigate the impacts of culture media on cell morphology. f/2 medium is 

most widely used for P. tricornutum storage and cultivation in culture 

collections and by other researchers. Mann & Myers’ medium was previously 

reported to grow P. tricornutum as well and usually used for scale-up 

cultivation due to its rich nutrient. These two media contain very different 

nutrients and thus were chosen to determine if marked changes in medium 

composition would influence cell morphology of P. tricornutum. Mann & 

Myers’ medium was observed to elicit significant morphotype conversion 

from fusiform to oval in liquid cultures and successive transfers in this 

medium enriched oval cells. The reversibility of the morphological changes 

was also investigated by inoculating the oval cells back into f/2 medium to 

understand if cell morphology could be flexibly controlled through changing 

cultivation strategy. 

The second objective was to explore the relationship between cell 
morphotype and classes of product formation in P. tricornutum, to 
support its biorefinery for industrial exploitation. In response to the 

changing culture conditions, distinct morphotypes of cells could have different 

gene expression levels, leading to different cell biochemical compositions. 

Biochemical profiles including pigment, protein, lipid and carbohydrate in 

fusiform and oval morphotypes under their respective growth medium were 

investigated. Biochemical composition in various cell morphotypes is also 

essential for nutritional value evaluation and optimisation of P. tricornutum for 

industrial biotechnology.  
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The third objective was to explore the downstream processing of 
different cell morphotypes of P. tricornutum, considering their potential 
use as expression hosts. To our knowledge, little is known about the shear 

resistance of diverse P. tricornutum morphotypes and no study has been 

carried out to compare the rupture of various cell morphotypes. The initial 

steps of downstream processing including harvest and disruption of fusiform 

and oval cells were investigated in order to recover intracellular bioproducts. 

The ultra scale-down (USD) platform developed at UCL was employed to 

characterise the robustness of fusiform and oval cells against shear stresses 

and to predict the cell recovery in large-scale centrifuges. The cell disruption 

efficiency of the two morphotypes was studied using the USD method based 

on adaptive focused acoustics (AFA).  
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2 Materials and methods 

2.1 Microorganisms, culture media and solutions preparation  

2.1.1 Phaeodactylum tricornutum strains  

Phaeodactylum tricornutum strains Pt1 8.6 (CCAP 1055/1) and Pt4 (CCAP 

1052/6) were acquired from the Culture Collection of Algae and Protozoa 

(CCAP, Oban, UK). From CCAP website (http://www.ccap.ac.uk/), P. 

tricornutum cultures were non-axenic. Pt1 8.6 is a monoclonal culture derived 

from Pt1 isolated off Blackpool, UK, in 1956 and Pt4 was isolated from a 

supralittoral rock pool on the Island of Segelskar, Finland, in 1951 and was 

described as a brackish strain (De Martino et al., 2007). Upon arrival from 

CCAP, the stock cultures of both strains consisted mainly of the fusiform 

morphotype, accounting for approximately 88% in Pt1 8.6 and 97% in Pt4. 

2.1.2 f/2 medium and stock solutions 

The f/2 medium (Guillard, 1975), f/2-enriched artificial seawater here, was 

prepared by dissolving 33 g Aquarium Systems Instant Ocean salt (Instant 

Ocean, Blacksburg, USA), 75 mg NaNO3 and 5 mg NaH2PO4·H2O in 1 litre of 

reverse osmosis (RO) water. The pH was adjusted to 8.0-8.1 with HCl or 

NaOH. The medium was sterilised at 121 oC for 20 min. Trace elements and 

vitamins were added at 1 mL L-1 and 0.5 mL L-1 respectively prior to use 

(Table 2-1).  

The f/2 trace elements stock solution was prepared by dissolving the 

following additives: Na2EDTA 4.16 g, FeCl3·6H2O 3.15 g, CuSO4·5H2O 0.01 

g, ZnSO4·7H2O 0.022 g, CoCl2·6H2O 0.01 g, MnCl2·4H2O 0.18 g and 

Na2MoO4·2H2O 0.006 g in 1 litre of Milli-Q water (Milli-Q Advantage A10 

purification system, Merck Millipore, Germany). The stock solution was 

autoclaved for sterilisation and stored at 4 oC. 

The vitamins stock solution was prepared by dissolving 0.2 g thiamine HCl 

(vitamin B1), 0.001 g cyanocobalamin (vitamin B12) and 0.001 g biotin 
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(vitamin H or B7) in 1 litre of Milli-Q water, which was sterilised by filtering 

through 0.2 µm filter and stored at 4 oC. 

Table 2-1 Chemical composition of f/2 medium and Mann and Myers’ medium. 

 f/2 medium Mann and Myers’ medium 

 Component Concentration Component Concentration 

Salinity Instant Ocean 
salt a 

33 g L-1 NaCl 5 g L-1 

MgSO4·7H2O 1.2 g L-1 

KCl 0.6 g L-1 

CaCl2 0.3 g L-1 

Nitrate NaNO3 0.88 mM NaNO3 11.76 mM  

Phosphate NaH2PO4·H2O 0.036 mM K2HPO4 0.574 mM  

Tris   Tris 1 g L-1 

Trace 
element 

Na2EDTA 1.24 x 10-5 M Na2EDTA 8.92 x 10-5 M 

Na2MoO4·2H2O 2.48 x 10-8 M H3BO3 9.70 x 10-5 M 

FeCl3·6H2O 1.17 x 10-5 M FeSO4·7H2O 7.19 x 10-6 M 

MnCl2·4H2O 9.09 x 10-7 M MnCl2·4H2O 1.11 x 10-5 M 

ZnSO4·7H2O 7.65 x 10-8 M ZnSO4·7H2O 1.15 x 10-6 M 

CoCl2·6H2O 4.20 x 10-8 M Co(NO3)2·6H2O 2.40 x 10-8 M 

CuSO4·5H2O 4.00 x 10-8 M CuSO4·5H2O 8.01 x 10-9 M 

Vitamin Vitamin B12 0.0005 mg L-1   

Vitamin B1 0.1 mg L-1   

Biotin 0.0005 mg L-1   
a The f/2 medium was prepared in artificial seawater made from Instant Ocean Salt 
at 33 g L-1 which contains 1.2 g L-1 magnesium ion, 0.35 g L-1 potassium ion and 0.4 
g L-1 calcium ion. 

2.1.3 Mann & Myers’ medium and stock solutions 

The Mann & Myers’ medium (hereafter M & M medium) (Mann and Myers, 

1968), was prepared by dissolving 5 g NaCl, 1.2 g MgSO4·7H2O, 0.6 g KCl, 

0.3 g CaCl2, 1 g NaNO3, 0.1 g K2HPO4 and 1 g Tris in 1 litre of RO water. 

The pH was adjusted to 8.0-8.1 with HCl or NaOH and the medium was 
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sterilised at 121 oC for 20 min. Trace elements was added at 10 mL L-1 prior 

to use (Table 2-1). 

The M & M trace elements stock solution was prepared by dissolving 3 g 

Na2EDTA, 0.6 g H3BO3, 0.2 g FeSO4·7H2O, 0.22 g MnCl2·4H2O, 0.033 g 

ZnSO4·7H2O, 0.0002 g CuSO4·5H2O and 0.0007 g Co(NO3)2·6H2O in 1 litre 

of Milli-Q water. The stock solution was autoclaved for sterilisation and stored 

at 4 oC. 

2.1.4 Cell lysis buffer 

Lysis buffer was prepared by dissolving 50 mM Tris-HCl, pH 8.0 (7.88 g), 10 

mM EDTA (2.92 g), and 0.1% (v/v) TritonX-100 (1 mL) in 1 litre of Milli-Q 

water. EDTA as a chelating agent binds to metal ions like Mg2+, thereby 

reducing the activity of enzymes such as DNase and protease. TritonX-100 is 

a nonionic surfactant and could dissolve cell membrane, changing membrane 

permeability or causing cell structure collapse. Phenylmethylsulfonylfluoride 

(PMSF, 36978, Thermo Scientific, UK) acting as a protease inhibitor that 

reacts with serine residues was added at a working concentration of 0.5 mM 

prior to use. 

100 mM PMSF stock solution was prepared by dissolving 0.174 g PMSF in 

10 mL of isopropanol. Stock was aliquoted into 1.5 mL eppendorf tubes and 

stored at -20 oC. 

2.1.5 Solvents for pigment analysis 

Analysis of pigment composition in P. tricornutum was carried out by reverse 

phase high-performance liquid chromatography (RP-HPLC). The mobile 

phase solvent A (80% v/v methanol containing 0.5 M ammonium acetate) 

was prepared by mixing 800 mL of methanol (HPLC grade) with 200 mL of 

filtered 0.5 M ammonium acetate. 

0.5 M ammonium acetate solution was prepared by dissolving 19.27 g 

ammonium acetate (HPLC grade, ≥99%, Honeywell Fluka, UK) in 500 mL of 
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Milli-Q water. The pH was adjusted to 7.2 with acetic acid or ammonium 

hydroxide. The solution was filtered through 0.22 µm polyethersulfone (PES) 

membrane (Stericup, Merck Millipore, Germany).  

The solvent B (90% v/v acetonitrile) was prepared by mixing 900 mL of 

acetonitrile (CHROMASOLV® HPLC gradient grade) with 100 mL of Milli-Q 

water. 

2.1.6 Reagents for carbohydrate determination   

1 M sulphuric acid solution was prepared by slowly adding 5 mL of 98% pure 

H2SO4 into 85 mL of Milli-Q water in a glass vessel. 

5% (w/v) phenol solution was prepared by dissolving 5 g phenol in 100 mL of 

Milli-Q water. The solution was mixed thoroughly using a magnetic stirrer for 

30 min. 

2.1.7 BODIPY 505/515 stock solution   

A 1 mg mL-1 stock solution of a green lipophilic fluorescence dye, BODIPY 

505/515 (4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene, 

D3921, Invitrogen, UK) was made by dissolving the dye in dimethyl sulfoxide 

(DMSO). The stock was aliquoted and stored in the dark at -20 oC.  

2.1.8 Solutions for fatty acid determination  

The chloroform: methanol (2:1, v/v) mixture was prepared fresh on day by 

mixing 40 mL of chloroform and 20 mL of methanol in a glass bottle in fume 

hood. 

Pentadecanoic acid (C15:0) stock solution was prepared by dissolving 10 mg 

C15:0 free fatty acid in 1 mL of n-heptane. The stock was aliquoted and 

stored at -20 oC. 

2.5% (v/v) H2SO4 in methanol was made by slowly adding 2 mL of 

concentrated sulphuric acid into 78 mL of methanol.  
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2.2 Cultivation and analytical methods 

2.2.1 Standard cultivation conditions 

Stock cultures of Pt1 8.6 and Pt4 were maintained in f/2 medium upon arrival 

from CCAP. Since P. tricornutum is facultative for silicate, it was not added 

for cultivation of both strains throughout this study. All cultures were grown at 

20 °C with 100 rpm shaking under continuous light illumination at 80 μmol 

photons m-2 s-1 from fluorescent lamps (P0300-0221, Grolux T8 15W 

Sylvania, Eppendorf, UK) factory-installed in the shaker (New Brunswick™ 

Innova® 44, Eppendorf, UK). 

2.2.2 Cell growth and dry biomass determination 

The growth of P. tricornutum cells was determined by optical density 

measurement at 750 nm (OD750) using a visible spectrophotometer 

(Ultrospec 500 pro, GE Healthcare Life Sciences, USA). The cell density was 

also monitored by microscopic cell counting using a haemocytometer (Bright-

Line 1492, Hausser Scientific, USA) (Figure 2-1). 

 
Figure 2-1 A diagram of a haemocytometer for cell counting. 

A photograph of a haemocytometer (A) and a diagram showing the counting 
chamber (B). Red boxes label the regions where samples were added and counted. 
For each sample, cells in the four corner boxes (1, 2, 3 and 4) with the length and 
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width being 1 mm were counted. The depth of chambers is 0.1 mm. Thus, the cell 
density (cells mL-1) = the averaged cell number per box x dilution factor x 10,000. 

The specific growth rate (k), which generally refers to the growth rate of cells 

in exponential phase, is calculated with the equation: 

𝒌 = 𝒍𝒏𝑵𝟐,𝒍𝒏𝑵𝟏
𝒕𝟐,𝒕𝟏

                                                                                Equation 2-1 

where N is the cell density (cells mL-1) and t is the time after inoculation at 

time 1 and 2 respectively. Thus, the doubling time can be calculated with 

following the equation. 

𝒕 = 𝒍𝒏𝟐
𝒌

                                                                                               Equation 2-2 

Dry biomass concentration (g L-1) was measured as follows. Culture samples 

(20 mL) were centrifuged at 3,200 x g for 15 min, washed with RO water to 

remove non-biological materials like mineral salts and then resuspended in a 

small volume of RO water. Cell suspensions were filtered through the pre-

dried and pre-weighed GF/C glass microfiber filters (Whatman, GE 

Healthcare Life Sciences, USA) and were dried in an oven (Heraeus T6060, 

Thermo Scientific, UK) at 80 oC until a constant mass was achieved.  

2.2.3 Microscopic examination 

P. tricornutum samples were imaged using an inverted microscope (TE2000-

U, Nikon, Japan) under phase contrast at 30x magnification. Micrographs 

were captured and acquired with NIS-Elements BR 3.2 software.   

2.2.4 Protein quantification 

P. tricornutum samples before and after focused acoustic disruption or shear 

treatment in the rotating disc shear device were centrifuged at 21,000 x g for 

20 min at 4 oC to remove cells and debris. The released soluble protein in the 

supernatant was quantified using the Coomassie (Bradford) Protein Assay kit 
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(No. 23200, Thermo Scientific, UK) (Bradford, 1976). In acidic conditions, the 

Coomassie G-250 dye binds to primarily the basic amino acids (arginine, 

lysine and histidine) of proteins due to the presence of ammonia in their side 

chains. The number of Coomassie dye ligands bound to each protein 

molecule is proportional to the number of positive charges found on the 

protein. The formation of protein-dye complex causes a shift in absorption 

maximum from 465 nm to 595 nm with a colour change from brown to blue. 

The measurement was performed in microplate format. Specifically, 5 μL of 

each sample was pipetted into microplate wells (96-well plate, Sarstedt, UK), 

followed by adding 250 μL of the Coomassie reagent. The plate was mixed 

for 30 s with a plate shaker (Eppendorf ThermoMixer C, Eppendorf, UK) and 

incubated for 10 min at room temperature. The absorbance at or near 595 

nm was then measured with a microplate reader (BMG Fluostar Optima, 

BMG LABTECH Ltd., UK). The protein concentration was calculated using 

the equation from the standard curve of bovine serum albumin (BSA). The 

standard curve was made in each assay with the BSA concentration ranging 

from 0.025 mg mL-1 to 0.75 mg mL-1. 

2.2.5 Carbohydrate quantification 

The carbohydrate content was quantified using the phenol sulphuric acid 

(PSA) assay as described in the EnAlgae protocol, SOP 4.2.a (Silkina et al., 

2015), modified from the DuBois assay (Dubois et al., 1956). Briefly, 0.1 mL 

of each sample was pipetted into a glass test tube. To the sample, 2.5 mL of 

98% H2SO4 was added directly, quickly followed by adding 0.5 mL of 5% 

phenol solution. This was then mixed and left for 20 min to cool. The samples 

were carefully poured into acid resistant cuvettes (Brand UV-Cuvette, 1.5 mL, 

Brand, Germany) and read at 485 nm. The carbohydrate content was 

calculated using the equation from a D-glucose standard curve. 

2.2.6 Particle size distribution measurement 

The particle size distribution of P. tricornutum samples was measured using 

the laser diffraction particle size analyser (Mastersizer 3000, Malvern 

Panalytical Ltd., Malvern, UK), with a particle size detection range of 0.01-
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3,500 µm. Samples were added dropwise into Milli-Q water in the dispersion 

unit operating at 2000 rpm until a laser obscuration value of >5% was 

reached. A refractive index of 1.03 relative to water and an absorption index 

of 0.01 were used. The particle size distribution profile obtained for each 

sample represented the average of five measurements. 

2.3 Chromatographic analysis 

All solvents used for chromatographic analysis were HPLC grade or GC 

grade and Milli-Q water was used throughout the chromatographic analysis. 

2.3.1 High-performance liquid chromatography (HPLC) for pigment 
analysis 

Pigment analysis by reverse phase HPLC (RP-HPLC) was conducted on an 

UltiMate 3000 HPLC system (Dionex, Thermo Scientific, UK). Separation 

was achieved in an ACE 5 C18 reverse phase column (150 mm x 4.6 mm ID, 

5 μm particle size, Advanced Chromatography Technologies Ltd, UK) which 

was maintained at 30 °C. Twenty microlitres of each sample was injected into 

the system. The mobile phase was pumped in at a flow rate of 1 mL min-1 

programmed as follows (Wright et al., 1991): an initial 4 min linear gradient 

from 100% solvent A (80% (v/v) methanol containing 0.5 M ammonium 

acetate, pH 7.2) to 100% solvent B (90% (v/v) acetonitrile), followed by a 

linear gradient to 20% solvent B and 80% solvent C (100% ethyl acetate) in 

14 min. The column was returned to the initial conditions by a 3 min linear 

gradient to 100% solvent B and another 3 min linear gradient to 100% 

solvent A and then re-equilibrated in 100% solvent A for 5 min before the 

next injection. The eluted pigments were detected at 440 nm using a diode 

array detector. 

2.3.2 Gas chromatography (GC) for fatty acid analysis  

Fatty acid composition was analysed by GC on a Trace 1300 gas 

chromatograph (Thermo Scientific, UK) equipped with an automatic sampler, 

a Rxi-5Sil MS column (30 m × 0.25 mm ID, 0.5 μm film thickness, Restek, 
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UK) and a flame ionisation detector (FID). One microlitre of sample was 

injected into the column with a 35:1 split ratio. Helium was used as the carrier 

gas at a flow rate of 1.2 mL min-1. Injector and detector temperatures were 

set at 230 oC and 250 oC, respectively. The oven temperature was 

programmed as follows: held at 80 oC for 2 min, ramped at 15 oC min-1 to 180 
oC, ramped to 240 oC at 2.5 oC min-1 and held for 10 min.  

2.3.3 High-performance anion exchange chromatography (HPAEC) for 
carbohydrate analysis  

Carbohydrate analysis by HPAEC was conducted using an ICS 5000+ 

system (Dionex, Thermo Scientific, UK) equipped with an AminoPac PA10 

column (250 mm x 4 mm, Dionex, Thermo Scientific, UK) and a pulsed 

amperometric (electrochemical) detector. Ten microlitres of each sample was 

injected into the column maintained at 30 °C. Monosaccharide separation 

was achieved following the procedure of an isocratic elution of 1 mM KOH for 

25 min at a flow rate of 0.25 mL min-1. 

2.4 Statistical analysis 

In this study, statistical analyses were performed using one-way student’s t-

test in Microsoft Office Excel (Microsoft, Redmond, Washington, USA). Data 

were considered significantly different at a significance level of 0.05.  
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3 Morphological changes in Phaeodactylum tricornutum 
triggered by culture media  

3.1 Introduction  

P. tricornutum has a unique property of polymorphism, displaying three main 

morphotypes: fusiform, triradiate and oval (Figure 1-3) (Wilson, 1946). The 

fusiform and triradiate types are better adapted to the planktonic lifestyle 

whereas the oval form tends to be benthic, having a higher sedimentation 

rate (De Martino et al., 2011). Oval cells possess a raphe and can secrete 

mucilaginous exopolymeric substances, favouring gliding motility and cell 

adhesion on surface (De Martino et al., 2011, Tesson et al., 2009a). Unlike 

typical diatoms, P. tricornutum does not have an absolute requirement of 

silicate for growth. The cell wall of P. tricornutum is weakly silicified with 

organic valves formed in fusiform and triradiate cells and organic or one 

silicified valve synthesised in oval cells (Borowitzka and Volcani, 1978, 

Vartanian et al., 2009). This may be an advantage for P. tricornutum 

biotechnology in terms of genetic transformation and intracellular product 

recovery during bioprocessing, compared to other diatoms with rigid cell 

walls. 

P. tricornutum has been shown to undergo cell morphological conversions in 

response to fluctuations in growth conditions such as salinity, temperature 

and pH (De Martino et al., 2011, Bartual et al., 2008). Observations in the 

natural environment revealed that P. tricornutum is typically found in unstable 

coastal environments such as estuaries and rock pools where temperature 

and salinity change rapidly (De Martino et al., 2007). Ten strains of P. 

tricornutum (Pt1-Pt10) isolated from different geographic locations worldwide 

were characterised genetically and phenotypically (De Martino et al., 2007). 

Another strain Pt1 8.6 is one monoclonal culture derived from Pt1 and has 

been selected for genome sequencing (Bowler et al., 2008). Among these 

strains, the fusiform morphotype was found to be most stable and frequently 

observed in cell cultures (Table 1-1). However, significant cell morphotype 

change from fusiform to oval occurred in strains Pt1 8.6, Pt3 and Pt9, 
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induced by hyposaline conditions or low temperature (15 oC) (De Martino et 

al., 2011, De Martino et al., 2007, Ovide et al., 2018). Enrichment of oval 

cells was also observed through successive transfers on solid agar medium 

(Barker, 1935) and this method has been confirmed and applied in some 

studies to obtain oval cells (Gutenbrunner et al., 1994, Abdullahi et al., 2006, 

Francius et al., 2008, Tesson et al., 2009b). Under these suboptimal 

conditions, despite the significant conversion in cell morphotype to oval, the 

overall total cell growth rate experienced an evident decrease (De Martino et 

al., 2011), which is not beneficial for industrial applications. Moreover, 

reversible transformation from oval to fusiform was observed when 

temperature was shifted from 15 oC to 28 oC (De Martino et al., 2011) or 

when oval cells were transferred from solid medium to liquid culture (Barker, 

1935). More recently, a significant morphological change from fusiform to 

round (a cell width-to-length ratio of 0.4-0.6) was reported in Pt2 grown under 

red light (Herbstova et al., 2017). Other unfavourable conditions such as 

nutrient limitation, low light intensity and low calcium concentration (< 15 mg 

L-1) were reported to promote oval cell production as well, but the changes in 

cell morphotype were not marked or the results still need verification (De 

Martino et al., 2007, Cooksey and Cooksey, 1974, Borowitzka and Volcani, 

1978). Triradiate cells are rarely observed in laboratory cultures except for 

the strain Pt8 (De Martino et al., 2007), though high pH or high dissolved 

inorganic carbon were reported to increase their abundance particularly 

under subsaturating illumination (Bartual et al., 2008).  

Despite the above observations, limited information is available about the 

conditions that can be used for controlling cell morphology and maintenance 

of each cell morphotype of P. tricornutum. The molecular mechanisms 

behind the phenotypic changes are also poorly understood. In order to 

optimise the polymorphic P. tricornutum as a production platform for 

industrial biotechnology, it may be important to be able to selectively control 

growth of a particular morphotype for a particular industrial application. In this 

chapter, the effects of culture media on cell morphology of P. tricornutum 

were first investigated. A culture medium triggering significant cell 

morphotype conversion from fusiform to oval and suitable for maintenance of 
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oval cells in liquid cultures was identified. The reversibility of this 

morphological change was also detected. Finally, the impacts of various 

medium components on cell morphology of P. tricornutum were investigated 

in order to gain some insights into the factors inducing cell morphotype 

change in P. tricornutum. 

3.2 Materials and methods  

All chemicals were obtained from Sigma-Aldrich unless mentioned otherwise.   

3.2.1 Cell morphological changes study 

Stock cultures of Pt1 8.6 and Pt4 were maintained in f/2 medium (Guillard, 

1975). Experimental cultures were grown in either f/2 medium or Mann and 

Myers’ medium (Mann and Myers, 1968) to investigate the impact of culture 

media on cell morphology and growth of P. tricornutum. Log-phase cultures 

of Pt1 8.6 and Pt4 grown in f/2 medium were centrifuged at 3,200 x g for 10 

min. Cells were transferred to fresh f/2 medium or M & M medium to pre-

acclimate for 6 days (denoted as the 1st transfer). The pre-acclimated 

cultures were then inoculated in 250 mL Erlenmeyer flasks containing 100 

mL of respective culture medium with an initial cell density of 8-10x105 cells 

mL-1 (denoted as the 2nd transfer). Subculturing treatments denoted as the 

3rd, 4th and 5th transfer were performed when it was estimated that late 

stationary phase was reached (~day 21), giving an initial cell density as 

above. Cultivation conditions were detailed in Chapter 2, section 2.2.1. 

Morphological studies were performed in biological duplicate. The relative 

proportions of fusiform, oval and triradiate morphotypes in cultures were 

determined after each transfer using a haemocytometer. A minimum of 500 

cells across 4 corner boxes were counted per replica (Figure 2-1). Cell 

growth and pH changes during cultivation were also monitored by cell 

counting and using a pH meter (SevenEasy S20 pH meter, Mettler Toledo, 

Switzerland) respectively. Images of P. tricornutum cells grown in f/2 medium 

or M & M medium were obtained under the microscope as described in 

Chapter 2, section 2.2.3. 
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3.2.2 Reversibility characterisation of morphological change 

In order to investigate the reversibility of the morphological changes occurred 

in Pt1 8.6 and Pt4, the obtained stable cells maintained in M & M medium 

were inoculated back into the f/2 medium where the fusiform morphotype is 

maintained. Specifically, aliquots of log-phase cell cultures of both strains 

maintained in M & M medium were centrifuged at 3,200 x g for 10 min and 

cells were then inoculated into 250 mL Erlenmeyer flasks containing 100 mL 

of f/2 medium at an initial cell density of approximately 1x106 cell mL-1. 

Subculturing transfers were conducted as mentioned above (section 3.2.1). 

The morphotype of P. tricornutum cells was checked periodically through 

microscopy. Experiment was carried out in biological duplicate. 

3.2.3 Factorial experiments  

Salinity and Tris experiments 

When compared to f/2 medium, M & M medium has a much lower salinity 

and contains Tris (Table 2-1) which is often used to stabilise pH in microalgal 

cultures. Therefore, the impacts of salinity and Tris on cell growth and 

morphology of P. tricornutum were initially investigated with Pt4. 

Experimental cultures were prepared by centrifuging log-phase cultures of 

Pt4 (OD750=0.4-0.6) grown in f/2 medium at 3,200 x g for 10 min and 

inoculating cells into 250 mL Erlenmeyer flasks containing 100 mL of 

respective modified f/2 medium, giving an initial cell density of approximately 

1x106 cells mL-1 (OD750=0.1). For salinity experiments, salinities of 0 ppt, 15 

ppt, 33 ppt and 40 ppt were tested by preparing f/2 medium with different 

amount of Instant Ocean salt (0 g L-1, 15 g L-1, 33 g L-1 and 40 g L-1), which 

represent a gradient from freshwater (0-5 ppt), brackish water (5-30 ppt) and 

seawater (30-50 ppt). For Tris experiments, f/2 medium was modified by 

addition of Tris at 0 mM, 5 mM, 10 mM and 20 mM respectively. All cultures 

were grown under the conditions as detailed in Chapter 2, section 2.2.1. 

Three biological replicates were conducted for each condition. Cell growth 

was monitored in short term (~10 days) by OD750 and dry biomass 

measurement while cell morphotype abundance was monitored in long term 
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(>30 days) by cell counting or microscopic examination. The effect of Tris on 

culture pH variation was also examined using a pH meter. 

Study on components of M & M medium influencing cell morphology 

In order to explore the environmental factors inducing morphological changes 

of P. tricornutum grown in M & M medium, several experiments including 

single-factor and triple-factor methods (Table 3-1) were designed for a rapid 

evaluation of the impacts of various medium components on cell morphotype 

of Pt1 8.6 and Pt4.  

Table 3-1 Modifications to f/2 medium for factorial experiment. 

 f/2 medium → M & M medium 

S- 33 g L-1 → 7.1 g L-1 

N+ 0.88 mM → 11.76 mM 

P+ 0.036 mM NaH2PO4·H2O → 0.57 mM K2HPO4 

T+ 0 g L-1 → 1 g L-1 

Trace f/2 trace elements → M & M trace elements 

Vit- No vitamins added 

S N P 33 g L-1, 0.88 mM, 0.036 mM → 7.1 g L-1, 11.76 mM, 0.57 mM 

S N T 33 g L-1, 0.88 mM, 0 g L-1 → 7.1 g L-1, 11.76 mM, 1 g L-1 

S P T 33 g L-1, 0.036 mM, 0 g L-1 → 7.1 g L-1, 0.57 mM, 1 g L-1 

N P T 0.88 mM, 0.036 mM, 0 g L-1 → 11.76 mM, 0.57 mM, 1 g L-1 

The medium recipes can be found in Table 2-1. 
S, salinity; N, nitrate; P, phosphate; T, Tris, Trace, trace elements; Vit, vitamins. 
S-, decreasing the salinity of f/2 medium from 33 g L-1 Instant Ocean salt to 5 g L-1 
NaCl, 1.2 g L-1 MgSO4·7H2O, 0.6 g L-1 KCl and 0.3 g L-1 CaCl2. 

Nutrients were divided into fractions of salinity (S), nitrate (N), phosphate (P), 

Tris (T), trace elements (Trace) and vitamins (Vit). Single-factor experiments 

represent changing one nutrient fraction of f/2 medium each time to the 

amount and component of that in M & M medium. That is the modified f/2 

media respectively containing 7.1 g L-1 salinity, 11.76 mM NaNO3, 0.57 mM 
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K2HPO4, 1 g L-1 Tris, M & M trace elements and no vitamins. Triple-factor 

experiments represent changing three nutrient fractions of f/2 medium each 

time to the amount and component of those in M & M medium. Here, four 

combinations of S N P, S N T, S P T and N P T were tested (Table 3-1). The 

inoculation method and growth conditions are same as described above for 

salinity and Tris experiments. All cultures were carried through two 

successive transfers representing a cultivation period of 55 days, in which the 

second transfer was conducted on day 23. Cultures after the first transfer 

were maintained for 34 days and Cultures after the second transfer were 

maintained for 32 days. OD750 was measured by the end of cultivation and 

cell morphotype was examined by microscopy. 

3.3 Results and discussion  

3.3.1 Impact of culture media on cell morphology of P. tricornutum 

As P. tricornutum is pleiomorphic, it may be important to be able to 

selectively control growth of a particular morphotype for a particular industrial 

application. Two previously reported culture media, f/2 medium and M & M 

medium containing very different nutrients (Table 2-1), were chosen for P. 

tricornutum cultivation in order to determine if marked changes in medium 

composition would influence cell morphology of P. tricornutum.  

Upon arrival from CCAP, the genome sequenced strain Pt1 8.6 consisted of 

approximately 88% fusiform, 10% triradiate and less than 3% oval cells, and 

another strain Pt4, possessing a different genotype from Pt1 8.6, contained 

mainly the fusiform morphotype as well (~97% fusiform, 3% oval and <0.5% 

triradiate), as mentioned in Chapter 2, section 2.1.1. Cultivation for 30 days in 

liquid f/2 medium did not significantly change the cell morphotype abundance 

in either strain (p>0.05), showing stability for many cell divisions (Figure 3-1 

A & C). Contrastingly, when cells were transferred and grown for 30 days in 

M & M medium, a significant increase in the abundance of oval cells from 2.9% 

to 38.4% in Pt1 8.6 and from 5.7% to 18.4% in Pt4 was observed (p<0.05). 

Correspondingly, the proportions of fusiform (from 91.3% to 58.5% in Pt1 8.6 

and from 94.0% to 81.6% in Pt4) and triradiate (from 6.1% to 3.1% in Pt1 8.6 
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and <0.1% in Pt4) morphotypes were decreased gradually over time (Figure 

3-1 B & D). These results suggested that the oval morphotype was preferred 

by P. tricornutum as a response and an adaption to the M & M medium and 

confirmed that cell morphological transformation in P. tricornutum could be 

triggered by changing growth conditions. 
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Figure 3-1 Effects of culture media on cell morphology and growth of two P. 
tricornutum strains.  

Relative abundance of fusiform (dark grey bars), triradiate (light grey bars) and oval 
cells (white bars) in Pt1 8.6 and Pt4 cultures maintained in f/2 medium (A, C) and 
after a transfer from f/2 medium to M & M medium (with a pre-acclimation to M & M 
medium for 6 days) (B, D). Growth curves of total cells are represented by solid lines. 
Data shown are averages from two biological replicates. Error bars represent 
differences from the means, indicating the minimum and the maximum values. 
*p<0.05 when comparing the oval cell abundance on day 30 with that on day 0. 

3.3.2 Enrichment of oval cells through successive transfers  

Successive transfers on solid medium were previously reported to enrich oval 

cells in Pt2 (Barker, 1935). In order to obtain oval cell-dominant cultures, 
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successive transfers in liquid M & M medium were conducted in this study 

and the quantitative analysis of cell morphotype abundance was performed 

after each transfer. The oval morphotype appeared to be enriched in both 

strains with subculturing treatments in liquid M & M medium (Figure 3-2), 

accompanied by the decrease in the abundance of fusiform and triradiate 

cells. After five successive transfers over a cultivation period of 

approximately four months, 90.8% of cells were oval in Pt1 8.6 cultures and 

almost all the cells (99.9%) were oval in Pt4 cultures grown in M & M medium 

(Figure 3-2). Microscopic images clearly showed the different fusiform or oval 

morphotype in the two strains maintained in liquid f/2 medium or M & M 

medium (Figure 3-3). This new cell morphotype abundance obtained in both 

strains remained stable during subsequent passages in M & M medium, 

indicating that this culture medium is suitable for oval morphotype 

maintenance in liquid cultures. 
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Figure 3-2 Impact of M & M medium on the abundance of oval morphotype in 
two P. tricornutum strains. 

Relative abundance of oval cells in Pt1 8.6 (A) and Pt4 (B) cultures during five 
successive transfers in liquid M & M medium. Data shown are averages from two 
biological replicates. Error bars represent differences from the means, indicating the 
minimum and the maximum values.  

 
Figure 3-3 Microscopic images of P. tricornutum cells after successive 
transfers in different culture media.  

Micrographs showing representative examples of different cell morphotypes of Pt1 
8.6 and Pt4 maintained in f/2 medium or M & M medium. Samples for imaging were 
taken from cultures after the fifth transfer. Scale bar: 20 μm. 
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Despite the significant change in cell morphology occurred in both strains, 

there were differences between them worth noting. The proportion of oval 

cells achieved 38.4% in Pt1 8.6 compared to the 18.6% in Pt4 by the end of 

cultivation of the second transfer in M & M medium (Figure 3-1 B & D), which 

implies that Pt1 8.6 might have a greater tendency to conduct morphotype 

conversion than Pt4 in response to this culture medium. In addition, Pt1 8.6 

was shown to undergo morphological transformation gradually while the 

morphotype variation in Pt4 occurred suddenly with the percentage of oval 

cells increasing markedly from 26.9% to 96.6% after the fourth transfer 

(Figure 3-2). In contrast to Pt4, the fusiform cells did not disappear entirely in 

Pt1 8.6 cultures maintained in M & M medium. These differences between 

them are more likely due to their different genotypes, with genotype A of Pt1 

8.6 and genotype B of Pt4 (Table 1-1) (De Martino et al., 2007). 

M & M medium has been previously used for P. tricornutum cultivation 

(Yongmanitchai and Ward, 1991, Acien Fernandez et al., 2003). However, 

the fact that this culture medium-triggered cell morphological change from 

fusiform to oval was first reported in this study and the specific factors 

capable of initiating oval cell production remain unknown. The M & M 

medium has a different nutrient content compared with f/2 medium. It 

contains 1 g L-1 Tris and has a relatively low salinity (7.1 g L-1) but high 

concentrations of nitrate and phosphate without any vitamins added (Table 2-

1). Hyposaline conditions were previously reported to induce significant cell 

morphotype change to the oval form in Pt1 8.6 and Pt3. However, under low 

salinity (3.8 g L-1, 10sw), the proportion of oval cells was less than 10% in Pt1 

8.6 on day 30 (De Martino et al., 2011), much lower than the 38% obtained 

here in M & M medium. This suggested that low salinity of M & M medium 

might be a contributing factor to the observed morphotype change in Pt1 8.6 

but not the main one. Furthermore, under hyposaline conditions, no evident 

morphotype conversion to oval was found in Pt1, Pt6 and Pt7 (Abdullahi et al., 

2006, Borowitzka and Volcani, 1978), indicating that morphological variation 

can be regulated by changing culture conditions but depends on strains. 
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It is commonly reported that P. tricornutum cells tend to convert to oval 

morphotype under stress conditions such as nutrient limitation (De Martino et 

al., 2007). Compared with f/2 medium, although M & M medium contains 

more than 13-fold higher concentrations of nitrate and phosphate, it has 

lower Ca, Mg, Fe, Co, Mo and Cu content and no B vitamins (Table 2-1). 

There have been many studies focusing on the impact of nitrate 

concentration (0-33.6 mM) on P. tricornutum cells (Gao et al., 2017, Breuer 

et al., 2012). However, no cell morphotype change was reported under high 

nitrate concentrations. Growth of P. tricornutum has been shown to be 

significantly limited by low Fe availability (Allen et al., 2008, Bertrand et al., 

2012). It could be the balance of all nutrients which is important. Under 

relatively high nitrate and phosphate conditions, other nutrients such as Fe, 

Cu, Ca and Mg might become limited, which could be responsible for the 

observed phenomena. P. tricornutum does not have an absolute requirement 

for cobalamin, thiamine and biotin for growth (Moejes et al., 2017, Bertrand et 

al., 2012). The omission of B vitamins might therefore not be responsible for 

the observed morphotype changes. In addition, Tris was shown to be 

inhibitory for some algal species (Ursi et al., 2008). Further studies are 

required to elucidate the specific inducing factors to the observed cell 

morphotype conversions in P. tricornutum induced by M & M medium, which 

will be further presented in section 3.3.4, and to confirm the universality of 

this method in other P. tricornutum strains.  

3.3.3 Reversibility of morphological change  

It has been previously demonstrated that the transformation of P. tricornutum 

cells between different morphotypes could be reversible (Barker, 1935, De 

Martino et al., 2011). Apart from the stability of cell morphotype that should 

be taken into account, it will be important to be able to flexibly control cell 

morphology through changing cultivation strategy from the perspective of 

scale-up cultivation. Thus, the reversibility of morphological changes was 

characterised by growing the obtained stable oval cells of Pt1 8.6 and Pt4 

maintained in M & M medium back into the f/2 medium.  
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Figure 3-4 Microscopic images showing the reversibility of cell morphological 
conversion in two P. tricornutum strains. 

Micrographs showing the morphology of Pt1 8.6 cells (a, c) and Pt4 cells (b, d) after 
four successive transfers in f/2 medium, in which the cells were initially transferred 
from M & M medium. Each transfer lasted around 30 days and the cultures were 
sampled for imaging on day 13 after the fourth transfer, 103 days in total cultured in 
f/2 medium. Two images were taken for each strain to show cells in suspension (a, b) 
and near the large aggregation (c, d). Scale bar, 20 μm. 

With successive transfers in f/2 medium, a gradually reversible conversion 

from oval to fusiform was observed in Pt1 8.6 cultures by microscopy (Figure 

3-4 a). After five subculturing treatments representing a cultivation period of 

more than four months, the relative abundance of Pt1 8.6 fusiform cells 

achieved above 90%. A number of Pt1 8.6 cells with intermediate 

morphology between oval and fusiform were observed (Figure 3-4 a), 

revealing the reported elongation of oval cells to generate fusiform cells 

(Wilson, 1946, De Martino et al., 2011). However, few triradiate cells were 

observed in this culture (Figure 3-4 a & c), different from the original Pt1 8.6 

culture on arrival from CCAP. Interestingly, biofilm formation was observed in 
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both strains after the first and second transfers back in fresh f/2 medium 

(Figure 3-5 A). With subsequent passaging, Pt1 8.6 cultures were an even 

golden colour with fusiform cells distributed in suspension (Figure 3-5 B). By 

contrast, Pt4 cell cultures displayed severe cell aggregation (Figure 3-5 B) 

and the majority of cells (>95%) existed still in the oval form even after 

several subculturing treatments (Figure 3-4 b & d). This indicated that the 

morphological conversion induced by M & M medium was reversible in Pt1 

8.6 and might be irreversible in Pt4 under the tested conditions. It also further 

suggests that the mechanisms employed by cells for morphological changes 

may differ between the two P. tricornutum strains possessing different 

genotypes. 

 
Figure 3-5 Cultures of two P. tricornutum strains after inoculation of cells from 
M & M medium back into f/2 medium.  

A, biofilm formation observed in Pt1 8.6 and Pt4 cultures after two successive 
transfers of cells back in f/2 medium (65 days). B, culture flasks of Pt1 8.6 showing 
the distributed cells in suspension and of Pt4 showing the severe cell aggregation 
after five successive transfers back in f/2 medium (135 days). 

3.3.4 Investigation of factors influencing cell growth and morphology 

M & M medium has been identified to trigger significant cell morphotype 

change in P. tricornutum. In order to gain a better understanding about the 

major factors triggering this process, the influence of various medium 
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components on cell growth or morphology of P. tricornutum were investigated. 

Salinity and Tris were initially explored for their impacts on cell growth and 

cell morphotype abundance using Pt4. The f/2 medium was then modified 

based on the nutrient components of M & M medium for rapid assessment of 

the effects of various medium components including salinity, Tris, nitrate, 

phosphate, trace elements and vitamins on cell morphology of P. tricornutum.  

Salinity analysis 

Salinity is an important factor for the growth of marine microorganisms. P. 

tricornutum is found to be occurring naturally in unstable marine environment 

such as rock pools and estuaries, where the salinity changes rapidly due to 

the tidal effect or human activities (De Martino et al., 2007). Salinity has also 

been reported to influence cell morphology of Pt1 8.6, Pt3 and Pt8 (De 

Martino et al., 2011, Ovide et al., 2018). Pt4 was isolated from a rock pool on 

the Island of Segelskar and was described as a brackish strain. Here, the 

modified f/2 media with four salinities (0 ppt, 15 ppt, 33 ppt and 40 ppt) 

representing freshwater, brackish water and seawater were used to explore 

the impact of salinity on cell growth and morphotype of Pt4. The original f/2 

medium has a salinity of 33 ppt. 

 
Figure 3-6 Impact of salinity on cell growth of Pt4.  

Growth curves from OD750 measurement (A) and dry biomass concentration 
measured on day 10 (B) of Pt4 cells grown in modified f/2 media with different 
salinities (0 ppt, 15 ppt, 33 ppt and 40 ppt). Data are shown as mean± one standard 
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deviation from three biological replicates. ppt (parts per thousand), equal to g L-1 
here. 

The results showed that Pt4 cells were capable of growing at all the four 

tested salinity conditions (Figure 3-6). Similar growth was observed for cells 

cultured at salinities of 15 ppt, 33 ppt and 40 ppt, although the optimal growth 

with the highest dry biomass concentration (0.41±0.01 g L-1) was obtained 

from cells grown at the salinity of 33 ppt, compared to the 0.36±0.04 g L-1 and 

0.37±0.01 g L-1 at salinities of 15 ppt and 40 ppt respectively. Interestingly, 

this marine diatom could even survive in freshwater, though a much slower 

growth and a more than 4-fold decreased biomass concentration (0.09±0.01 

g L-1) were obtained at this condition (0 ppt) compared to other salinity 

conditions. These results indicate that Pt4 cells can survive over a wide 

range of salinity conditions. Growth curves of total cells (Figure 3-7 A) are 

consistent with those from OD750 measurement. 

The impact of salinity on cell morphotype abundance of Pt4 was analysed 

quantitatively by cell counting. After cultivation for 42 days in f/2 medium 

under various salinity conditions, all cultures displayed still mainly the 

fusiform morphotype (>96%) and no significant increase in the abundance of 

oval cells (<4%) was observed at the tested salinity conditions (Figure 3-7). 

However, the abundance of fusiform cells tended to increase at the high 

salinity conditions. For example, the proportion of fusiform cells reached 

almost 100% after 42 days cultivation at the salinity of 40 ppt (Figure 3-7 A). 

The result indicated that the fusiform morphotype was preferable in saline 

water. Hyposaline conditions representing brackish water or freshwater did 

not induce the significant increase in oval cell abundance in Pt4, which is 

different from the reported observations in Pt1 8.6, Pt3 and Pt8 (De Martino 

et al., 2011, Ovide et al., 2018), but consistent with previous reports in Pt6, 

Pt7, Pt2 and Pt1 (Borowitzka and Volcani, 1978, Gutenbrunner et al., 1994, 

Wilson, 1946, Abdullahi et al., 2006). Low calcium concentration (<15 mg L-1) 

was reported to increase oval cell abundance (Cooksey and Cooksey, 1974). 

However, this was not confirmed in another study (Borowitzka and Volcani, 

1978). Our observations at the salinity of 0 ppt implied that low Ca and Mg 
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content might not be the inducing factor to the observed morphotype change 

in Pt4 grown in M & M medium. 

 
Figure 3-7 Impact of salinity on cell morphotype abundance of Pt4. 

Relative abundance of fusiform cells (A) and oval cells (B) in Pt4 cultures grown in 
modified f/2 media with different salinities. Growth curves of total cells are shown by 
solid lines. Data are presented as mean± one standard deviation from three 
biological replicates. ppt (parts per thousand), equal to g L-1 here.  
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Tris and pH analysis 

 
Figure 3-8 pH change pattern of P. tricornutum cultures grown in different 
media. 

Changes in culture pH of Pt1 8.6 (A) and Pt4 (B) grown in f/2 medium or M & M 
medium. Data are shown as mean ± one standard deviation from three biological 
replicates. 

In this study, during cultivation of P. tricornutum in f/2 medium and M & M 

medium, the changes in culture pH were also monitored for both Pt1 8.6 and 

Pt4. As shown in Figure 3-8, the pH change pattern varied greatly between 

cultures grown in f/2 medium and M & M medium. Specifically, when P. 

tricornutum cells were grown in f/2 medium, the culture pH increased rapidly 

to approximately 9.8 in the first several days cultivation. This could be 

explained by the photosynthesis and nitrate assimilation through reduction to 

ammonium ion, which were accompanied by CO2 absorption and influx of 

protons from culture medium into cells (Scherholz and Curtis, 2013). The 

further assimilation of ammonium ion releases protons to culture medium, 

leading to a gradual drop in pH as observed in cultures grown in f/2 medium. 

By contrast, in cultures maintained in M & M medium, the pH showed a 

relatively stable level of below 8.6 over the initial 11 days cultivation due to 

the involvement of Tris (1 g L-1) in this medium. After that, the pH increased 

evidently to above 9.6 in cultures of both strains, indicating that the pH 

buffering effect of Tris was not maintained. Failure of Tris in stabilising the 
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culture pH during cultivation was previously reported for growth of 

phytoplankton species (Harrison et al., 1980). This phenomenon might be 

due to the culture pH being out of the buffering capacity of Tris (7.0-9.0). 

Another reason is probably that Tris might be consumed. It has been shown 

that in non-axenic microalgal cultures, Tris could sustain bacterial growth 

(Fábregas et al., 1993, Nguyen et al., 2016).  

F/2 medium has been commonly used for routine growth of P. tricornutum by 

many culture collections and researchers. Tris is often used as a pH buffer 

involved in culture media for growing microalgae. For example, the ASP-2 

medium designed for photosynthetic marine algae is buffered by Tris (1 g L-1) 

(Provasoli et al., 1957). Tris-acetate-phosphate (TAP) medium often used for 

growth of Chlamydomonas reinhardtii also contains Tris. Based on the above 

observations on pH changes in P. tricornutum cultures (Figure 3-8), it will be 

interesting to know whether the f/2 medium with stable pH would benefit cell 

growth and if the addition of Tris would influence cell morphotype abundance. 

Therefore, the modified f/2 media containing different concentrations of Tris 

were used to investigate the effect of Tris on cell growth, culture pH and cell 

morphology using Pt4.   

Tris was shown to have a slightly negative effect on growth of Pt4. Although 

no significant difference in cell growth from OD750 readings was observed 

between Pt4 cultures grown in f/2 medium containing 0 mM and 5 mM Tris, 

slower growth between day 1 and day 2 with lower final OD750 values was 

observed for cells cultured in f/2 medium with addition of 10 mM or 20 mM 

Tris (p<0.05) (Figure 3-9 A). In order to confirm this, the biomass yields on 

day 9 were measured. It was found that the addition of Tris into f/2 medium 

resulted in a decrease in dry biomass concentration (Figure 3-9 B). 

Compared to the highest dry biomass concentration of 0.49±0.03 g L-1 

obtained in f/2 medium without Tris, only 0.39±0.04 g L-1 and 0.36±0.01 g L-1 

were obtained when 10 mM and 20 mM Tris were added respectively. The 

changes in culture pH with addition of Tris were also monitored. Similar to 

observations in Figure 3-8, the culture pH changed greatly in f/2 medium 

even when 5 mM Tris was added, experiencing an initial increase from 8.2 to 
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9.3 in 2 days cultivation before decreasing to 9.0 by day 9 (Figure 3-9 C). 

Addition of 10 mM and 20 mM Tris into f/2 medium were shown to be helpful 

for maintaining pH during Pt4 cultivation with the culture pH only increasing 

slightly from 8.2 to 8.8 and to 8.5 respectively by the end of cultivation 

(Figure 3-9 C). These results indicated that Tris could have an inhibitory 

effect on growth of Pt4, despite its contribution to a relatively stable culture 

pH. In addition, no significant cell morphotype change was observed in long-

term Pt4 cultures (30 days) under the tested Tris conditions (data not shown).  

 
Figure 3-9 Effect of Tris on cell growth and culture pH of P. tricornutum. 

Growth curves from OD750 measurement (A), dry biomass concentration measured 
on day 9 (B) and culture pH changes (C) of Pt4 grown in modified f/2 media with 
addition of different concentrations of Tris. Data are shown as mean± one standard 
deviation from three biological replicates.  

In agreement with our observations, previous studies have shown that Tris 

became inhibitory at approximately 0.3% for growth of flagellate (Provasoli et 
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al., 1957) and had deleterious effects on growth of a red alga Gracilaria 

birdiae (Ursi et al., 2008), some phytoplankton species (Harrison et al., 1980) 

and freshwater blue-green algae (Smith and Foy, 1974). There are several 

mechanisms proposed for Tris inhibition in previous publications. One is that 

Tris, like other amines, was shown to inhibit growth of the lactic acid bacteria 

Lactobacillus arabinosus by interfering with the uptake of K+ (Macleod and 

Onofrey, 1954). The inhibitory effect could be overcome or partially 

counteracted by increasing the amount of K+ in the medium, which has been 

confirmed in microalgae Phormidium persicinum (Provasoli et al., 1957) and 

Oscillatoria redekei (Smith and Foy, 1974). Another is that Tris feeds bacteria 

in the presence of phosphate and the competition for phosphorus as well as 

the low pH values due to bacterial growth might cause inhibition of 

microalgae (Fábregas et al., 1993, Harrison et al., 1980). Moreover, Tris was 

indicated to inhibit photosynthesis by interfering with HCO3- utilisation 

probably through competition for H+ in a brown alga Laminaria saccharina 

(Axelsson et al., 2000). P. tricornutum can tolerate high pH values up to 10.3 

and grows well over a wide pH range (Goldman et al., 1982). This species is 

capable of direct uptake of HCO3- from the medium through K+-dependent 

and -independent HCO3- transporters with the former one being predominant 

at high alkaline pH (Chen et al., 2006). Thus, the addition of Tris may not be 

necessary for P. tricornutum cultivation. Since there were no significant 

effects of salinity and Tris on cell morphotype change observed in Pt4, Pt1 

8.6 was not further examined under these conditions. 

Rapid assessment of medium components affecting cell morphology 

In order to gain some insights into the cell morphotype change of P. 

tricornutum induced by M & M medium, we modified f/2 medium to the 

components of M & M medium in terms of salinity, nitrate, phosphate, Tris, 

trace elements and vitamins (Table 3-1). The modified f/2 media were 

employed for rapid assessment of the impacts of medium components on cell 

morphology of P. tricornutum. 
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Cultivation in modified f/2 media for 55 days, in which two successive 

transfers were carried out, showed that the tested low salinity (7.1 g L-1), high 

concentration of nitrate or phosphate, addition of 1 g L-1 Tris (8.3 mM), M & M 

trace elements or omission of vitamins did not trigger evident cell morphotype 

change in both Pt1 8.6 and Pt4, with the fusiform morphotype being 

predominant (>90%) in cultures through microscopic examination (Figure 3-

10). This result is consistent with our observations from salinity (Figure 3-7) 

and Tris experiments. Furthermore, the addition of Tris to f/2 medium was 

shown again to have a negative effect on P. tricornutum and the degree of 

Tris inhibition varies depending on strains. Pt1 8.6 appeared to be more 

sensitive to Tris than Pt4, evidenced by the more severe cell aggregation 

(Figure 3-10) and a much lower final cell density (OD750, 1.25 versus 1.74; 

cell density, 4.8x106 cells mL-1 versus 9.6x106 cells mL-1) (Table 3-2 T+). Only 

slight aggregation was observed in Pt4 cultures with addition of 8.3 mM Tris, 

consistent with our above results showing a slight inhibition of Pt4 from Tris 

experiment (Figure 3-9). As discussed above, Tris may interfere with K+-

dependent HCO3- utilisation or stimulate bacterial growth competing for 

phosphorus thereby inhibiting growth of P. tricornutum. Increasing nitrate 

content in f/2 medium was found to greatly increase the cell yield with the 

OD750 value reaching 2.33 for Pt1 8.6 and 2.42 for Pt4 by day 34 (Table 3-2 

N+). Only increasing the phosphate content in f/2 medium led to the 

formation of abundant precipitates and had no significant impact on cell 

growth (Table 3-2 P+). As described in section 1.2.4, P. tricornutum does not 

absolutely require the cobalamin (vitamin B12) for growth as its genome 

encodes the cobalamin-independent methionine synthase (MetE) (Bertrand 

et al., 2012). This species does not have an absolute requirement for 

thiamine (vitamin B1) and biotin (vitamin B7) either (Carlucci and Bowes, 1970, 

Droop, 1958, Moejes et al., 2017). Our results showed that cells grew well in 

f/2 medium without vitamins, reaching an OD750 value of 1.90 for Pt1 8.6 and 

1.93 for Pt4 by day 34 (Table 3-2 Vit-). Since similar results were obtained for 

cultures after the second transfer, they are not reported here.  
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Figure 3-10 Micrographs showing the impact of medium component on cell 
morphotype of P. tricornutum. 

Representative microscopic images showing the cell morphotype of Pt1 8.6 and Pt4 
cells after cultivation for 34 days in modified f/2 media. S-, f/2 medium with 
decreased salinity (7.1 g L-1) as M & M medium; N+, f/2 medium with increased 
nitrate (11.76 mM NaNO3); P+, f/2 medium with increased phosphate (0.57 mM 
K2HPO4); T+, f/2 medium with 1 g L-1 Tris added; Trace, replacing f/2 trace elements 
with M & M trace elements; Vit-, f/2 medium without vitamins added; N P T, f/2 
medium containing 11.76 mM NaNO3, 0.57 mM K2HPO4 and 1 g L-1 Tris (Table 3-1). 

Table 3-2 OD750 readings for P. tricornutum cultures grown in modified f/2 
media for 34 days. 

OD750 S- N+ P+ T+ Trace 

Pt1 8.6 1.502 2.328 1.604 1.246 1.836 

Pt4 1.906 2.421 1.666 1.744 1.72 

 Vit- N P T S N T S P T S N P 

Pt1 8.6 1.904 1.779 0.59 1.378 2.52 

Pt4 1.93 2.316 NA NA NA 
Modifications to f/2 medium for each condition can be found in Table 3-1. 
NA, not available. 

The accumulative contribution of various components leads to an interesting 

result. An apparent increase in oval cell abundance to 72.5% was observed 

in Pt1 8.6 after two subculturing treatments in the modified f/2 medium with 

increased nitrate and phosphate content and Tris addition, which is not the 

case in Pt4 containing only 2.1% oval cells (Figure 3-10 N P T). Meanwhile, a 

relatively inhibitory effect on growth of Pt1 8.6 was observed, showing an 

OD750 value of 1.78 (15.0x106 cells mL-1) in comparison to the 2.32 (24.3x106 

cells mL-1) for Pt4 by day 34 (Table 3-2 N P T). Bacteria were reported to 

actively feed on Tris and phosphate (Fábregas et al., 1993). Co-cultivation of 

Pt1 8.6 with the marine Roseovarius sp. strain 217 led to the formation of 

large cell aggregates through a bacteria-induced morphotype conversion 

from fusiform to oval and secretion of mucin-like proteins, while this 

phenomenon was not observed in Pt4 (Buhmann et al., 2016). It is therefore 

hypothesised that the interactions between P. tricornutum and bacteria might 
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contribute to the observed morphotype change in Pt1 8.6. However, there 

was no evident cell morphotype change observed for the combinational 

condition of S P T, where bacterial overgrowth might occur as well. Cultures 

grown under the nutritional combination of S N T were unhealthy with a low 

OD750 reading of 0.59 obtained after 34 days cultivation (Table 3-2). 

Microscopic examination revealed that most fusiform cells appeared to die 

with a few oval cells existing in groups under this condition, which implied 

that bacterial overgrowth might occur and the competition for limited 

phosphorus between P. tricornutum and bacteria might cause collapse of P. 

tricornutum cultures (Fábregas et al., 1993, Moejes et al., 2017). In addition, 

a high microalgal cell yield without evident morphotype change was obtained 

for the condition of S N P (Table 3-2).  

A previous study on dynamics of bacterial community associated with P. 

tricornutum cultures revealed the presence of four major bacterial families 

with a number of bacterial species playing roles. Generally, metabolic 

exchanges such as the organic carbon supply from diatoms to bacteria, B 

vitamins supply from bacteria to diatoms and phosphorus competition occur 

between them (Moejes et al., 2017). However, which bacteria become 

dominant is dependent on the environmental conditions and the prevailing 

needs of the algae-bacterial community. There is not a consensus about 

Tris/bacteria effects existing because they vary among different species. 

Further confirmation of bacterial presence in tested P. tricornutum cultures 

and maybe a more detail investigation of the interactions between P. 

tricornutum and bacteria under the conditions like T+, S P T and N P T are 

required to understand the role of bacteria on cell morphotype and growth of 

P. tricornutum. Although the factorial combination of N P T was found to 

trigger significant morphotype change to oval in Pt1 8.6, this was not 

observed in Pt4. Variables of trace elements and vitamins are not involved 

for factorial combination. Other combinations like N P Trace and N P Vit 

maybe worth testing in the future to assess their effects on P. tricornutum 

morphology. In addition, DoE approach might be applied to optimise 

experimental design in the future for further systematic studies.  
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Figure 3-11 Images of representative culture flasks showing the impacts of 
medium component on cell growth of P. tricornutum. 

Representative images of Pt1 8.6 cultures after cultivation for 32 days in modified f/2 
media. T+, f/2 medium with 1 g L-1 Tris added; P+, f/2 medium with increased 
phosphate (0.57 mM K2HPO4); N+, f/2 medium with increased nitrate (11.76 mM 
NaNO3); S-, f/2 medium with decreased salinity (7.1 g L-1) as M & M medium; S N T, 
f/2 medium containing 7.1 g L-1 salinity, 11.76 mM NaNO3 and 1 g L-1 Tris; S P T, f/2 
medium containing 7.1 g L-1 salinity, 0.57 mM K2HPO4 and 1 g L-1 Tris; S N P, f/2 
medium with 7.1 g L-1 salinity, 11.76 mM NaNO3 and 0.57 mM K2HPO4; N P T, f/2 
medium containing 11.76 mM NaNO3, 0.57 mM K2HPO4 and 1 g L-1 Tris (Table 3-1). 
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3.4 Conclusion  

Phaeodactylum tricornutum is a polymorphic marine diatom of interest for 

industrial biotechnology. In this chapter, two culture media were used for P. 

tricornutum cultivation in order to investigate the effects of culture media on 

cell morphotype of P. tricornutum. The fusiform morphotype was predominant 

in cultures of Pt1 8.6 and Pt4 grown in f/2 medium, representing 

approximately 88% and 97% respectively. Contrastingly, Mann and Myers’ 

medium was identified as eliciting significant cell morphotype conversion 

from fusiform/triradiate to oval in P. tricornutum. Through successive 

subculturing in M & M medium, liquid cultures of Pt1 8.6 and Pt4 abundant 

with approximately 90% and 100% oval cells respectively were obtained and 

well-maintained in this medium under the constant shaking condition. In 

contrast to Pt4, the fusiform cells did not disappear entirely in Pt1 8.6 cultures 

maintained in M & M medium. The reversibility of this cell morphotype 

change in P. tricornutum induced by M & M medium was investigated by 

growing the obtained oval cells back in f/2 medium. It turned out that the cell 

morphotype conversion occurred in Pt1 8.6 was reversible and might be 

irreversible in Pt4 under the tested conditions. 

In order to gain some insights into the major factors eliciting morphological 

transformation in P. tricornutum, the impacts of various medium components 

on cell growth or morphology were investigated. P. tricornutum could grow 

over a wide range of salinity conditions and the increase of fusiform cells was 

observed at the high salinity of 40 ppt. The addition of Tris in f/2 medium 

could have an inhibitory effect on growth of P. tricornutum. Pt1 8.6 appeared 

to be more sensitive to Tris than Pt4, showing apparent cell aggregation and 

a much lower cell density (OD750, 1.25 versus 1.74; cell density, 4.8x106 cells 

mL-1 versus 9.6x106 cells mL-1) after cultivation for 34 days in f/2 medium with 

8 mM Tris added. The tested single factor of low salinity, addition of Tris, high 

concentration of nitrate or phosphate, M & M trace elements or omission of 

vitamins did not trigger evident cell morphotype change to oval in both Pt1 

8.6 and Pt4 after two subculturing treatments (55 days). Interestingly, an 

apparent increase in oval cell abundance to 72.5% was observed in Pt1 8.6 
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after two successive transfers in the modified f/2 medium with increased 

nitrate and phosphate content and Tris addition (N P T). However, Pt4 was 

not significantly affected by the combinational condition of N P T, displaying 

still mainly the fusiform shape (97.9%).  

This study offers a novel way to regulate cell morphology of P. tricornutum in 

liquid cultures. It is considered as important to establish stable phenotypes 

for deeper exploration on cell morphology control at genetic levels. By 

demonstrating the stability of oval morphotype in M & M medium, this work 

enables assessment of oval cells for potential industrial applications. 
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4 Biochemical characterisation in two Phaeodactylum 
tricornutum morphotypes  

4.1 Introduction 

P. tricornutum is a marine pennate diatom that grows well in brackish to 

saline water (Figure 3-6). As detailed in the section 1.2.4, P. tricornutum is of 

great interest for applications in nutritional, pharmaceutical and biofuel 

industries as it represents a natural rich source of the high-value marketable 

products, EPA and fucoxanthin, and can accumulate high lipids  and 

carbohydrates, particularly TAGs and chrysolaminarin, under nitrogen 

starvation (Gao et al., 2017, Breuer et al., 2012). Furthermore, the advanced 

genetic tools available for P. tricornutum empower this species as a 

production platform for industrial biotechnology. P. tricornutum is polymorphic 

and can undergo cell morphological transformation induced by changing 

growth conditions such as temperature, salinity and light (De Martino et al., 

2011, Herbstova et al., 2017). Meanwhile, biochemical profiles of microalgae 

also vary greatly depending on culture conditions such as nutrient, salinity, 

temperature, pH and light (Qiao et al., 2016, Bartual and Galvez, 2002). Cell 

morphology and biochemical profiles reflect the physiological and metabolic 

status of cells under the specific growth conditions. As a result of specific 

genes expression, they are responses made by P. tricornutum cells at 

phenotypic and metabolic levels to external stimuli. In order to define the 

technoeconomic feasibility of Phaeodactylum biorefinery, it is essential to 

characterise various compositions from cell biomass. Although product 

accumulation in P. tricornutum cells has been characterised under diverse 

culture conditions, few studies quantify the proportion of cell morphotypes. 

Little is therefore known about the biochemical differences between cell 

morphotypes.  

While the phenomenon of polymorphism is intrinsically interesting, there has 

not been a systematic study linking this behaviour to the ability of P. 

tricornutum to perform as a solar-powered production platform for industrial 

biotechnology. This is largely due to the limited method available for 
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obtainment and maintenance of each cell form accompanied with high 

biomass production. In Chapter 3, Mann and Myers’ medium was identified 

as triggering significant cell morphotype conversion in P. tricornutum from 

fusiform to oval and suitable for maintenance of oval cells in liquid cultures 

under the constant shaking condition, which enables us to explore the 

biochemical differences between cell morphotypes and to assess oval cells 

for potential industrial applications. In this chapter, the growth kinetics and 

biochemical profiles including pigment, protein, lipid and carbohydrate in 

fusiform and the obtained oval morphotypes under their respective growth 

medium were investigated in support of their further industrial exploitation. 

4.2 Materials and methods  

All chemicals were purchased from Sigma-Aldrich unless otherwise stated. 

4.2.1 Cultivation for growth and biochemical analyses 

As described in Chapter 3, after five successive transfers representing a cell 

cultivation of approximately four months, cultures of Pt1 8.6 and Pt4 grown in 

M & M medium were abundant with more than 90% oval cells. Here, 

experimental cultures were prepared by inoculating the well-maintained log-

phase cultures of Pt1 8.6 and Pt4 grown in f/2 medium and M & M medium 

into 250 mL Erlenmeyer flasks containing 100 mL of respective culture 

medium with an initial cell density of 8-10x105 cells mL-1. Cultures were 

monitored for 21 days for growth measurement with the method described in 

section 2.2.2 and 1 mL or 2 mL samples were taken on day 3, 7, 10, 14 and 

21 for pigment analysis. For protein, carbohydrate and lipid analyses, 

experimental cultures were prepared in 500 mL Pyrex glass flasks containing 

200 mL of respective culture medium with a same initial cell density as above. 

Culture samples were taken on day 3, 8, 14 and 21 by centrifugation at 3,200 

x g for 15 min and stored at -80 oC until for further biochemical analyses. All 

cultures were grown under the conditions detailed in Chapter 2, section 2.2.1. 

Growth and biochemical analyses were conducted in biological triplicate. 
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4.2.2 Pigment analysis 

The pigment content in P. tricornutum cells were analysed using both the 

colorimetric and the RP-HPLC methods. Pigment was extracted based on the 

EnAlgae protocol (SOP 4.4.c) (Silkina et al., 2015). Briefly, P. tricornutum 

cells were incubated in 1 mL of N,N-dimethylformamide (DMF) under orbital 

agitation at 250 rpm for 15 min at room temperature. Following centrifugation 

at 21,000 x g for 5 min, the extracts were collected with the remaining pellet 

being white. All extraction procedures were performed under dimmed light to 

avoid light-induced degradation of pigments. The pigment extracts were 

diluted and carefully poured into disposable DMF resistant cuvettes (Brand 

UV-Cuvette, 70-850 μL, Brand, Germany) to read in a spectrophotometer at 

480, 647 and 664.5 nm. The chlorophyll a and total carotenoid content (μg 

mL-1) were calculated with the following equations (Inskeep and Bloom, 1985, 

Wellburn, 1994). 

𝑪𝒉𝒍	𝒂 = 𝟏𝟐. 𝟕𝟎𝑨𝟔𝟔𝟒.𝟓 − 𝟐. 𝟕𝟗𝑨𝟔𝟒𝟕                                                Equation 4-1 

𝑪𝒉𝒍	𝒃 = 𝟐𝟎. 𝟕𝟎𝑨𝟔𝟒𝟕 − 𝟒. 𝟔𝟐𝑨𝟔𝟔𝟒.𝟓                                                Equation 4-2 

𝑪𝒉𝒍	𝐱	 + 	𝐂	(𝐜𝐚𝐫𝐨𝐭𝐞𝐧𝐨𝐢𝐝𝐬) = 𝟏𝟎𝟎𝟎𝑨𝟒𝟖𝟎$𝟐.𝟏𝟒𝑪𝒉𝒍	𝒂$𝟕𝟎.𝟏𝟔𝑪𝒉𝒍	𝒃
𝟐𝟒𝟓

     Equation 4-3 

The pigment profiles in different P. tricornutum morphotypes were further 

analysed by RP-HPLC. Prior to analysis, pigment extracts were filtered 

through 0.2 μm polytetrafluoroethylene (PTFE) syringe filters (DHI, Denmark), 

diluted and then analysed with the method detailed in Chapter 2, section 

2.3.1. The pigments in samples were identified by a comparison of retention 

times of eluted peaks with those from a mixed pigment standard (PPS-MIX-1, 

DHI, Denmark). Quantitative analysis was achieved using the equations from 

standard curves of each individual pigment standard (chlorophyll c2, 

fucoxanthin, diadinoxanthin, chlorophyll a and β-carotene, DHI, Denmark). 
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4.2.3 Total soluble protein determination  

P. tricornutum cell pellets from 4-20 mL of cell cultures, corresponding to 

approximately 1.5 mg biomass in dry weight, were resuspended in 1 mL of 

chilled lysis buffer made of 50 mM Tris-HCl pH 8.0, 10 mM EDTA, 0.5 mM 

phenylmethylsulfonylfluoride (PMSF) and 0.1% (v/v) TritonX-100 (section 

2.1.4). Cell suspensions were transferred into 1 mL millitubes with AFA 

(adaptive focused acoustics) fibres (Covaris, USA) and subjected to focused 

acoustic disruption using a Covaris E210 focused-ultrasonicator (Covaris, 

USA) (Figure 1-9). The operation conditions are cycles per burst of 1000, 

power intensity of 10, duty factor of 20% and water bath at 10 oC. Treatment 

time employed was depending on the cell morphotype, allowing a cell 

disruption efficiency of more than 97% to be achieved. Specifically, fusiform 

cell suspensions were treated for 90 s while oval cell suspensions were 

sonicated for 8-10 min (Figure 5-5). More details could be found in Chapter 5, 

section 5.3.3. The total soluble protein content was determined with the 

Bradford assay as described in Chapter 2, section 2.2.4. 

4.2.4 Neutral lipid and fatty acid analysis 

Neutral lipids in P. tricornutum cells were qualitatively detected through 

BODIPY 505/515 cell staining (Cooper et al., 2010). Aliquots of a 1 mg mL-1 

BODIPY 505/515 stock solution (section 2.1.7) were added directly to 1 mL 

of cell suspensions (~2x106 cells mL-1) to achieve a final dye concentration of 

1 μg mL-1. Each sample was well mixed and incubated in darkness for 10 min 

at room temperature. Intracellular lipid bodies stained with the dye were then 

viewed using an epifluorescence microscope (TE2000-U, Nikon, Japan). 

Fluorescent images were made with filter blocks of excitation set from 450 to 

490 nm and emission set from 500 to 550 nm. Bright-field images were made 

simultaneously under phase contrast. 

Fatty acid detection was performed following the procedure of lipid extraction, 

transesterification and gas chromatography (GC) analysis based on the 

EnAlgae protocols (SOP 4.3.c and SOP 4.7.c) with some modifications. Lipid 

was extracted from cell pellets (~3 mg in dry weight) by adding 8 mL of a 
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chloroform: methanol (2:1, v/v) mixture (Folch et al., 1957, Axelsson and 

Gentili, 2014). Pentadecanoic acid (200 µg) was added as an internal 

standard. Samples were then sonicated for 30 min in an ultrasonic iced bath 

(Branson 2800 ultrasonic bath, CPX2800H, Emerson, USA) and incubated 

for another 30 min in the iced bath. Two millilitres of deionized water was 

added and vortexed to mix thoroughly. Phase separation was achieved by 

centrifugation at 1500 x g for 5 min. The lower phase containing lipids was 

recovered, evaporated using GeneVac EZ-2 evaporator (GeneVac, UK) 

saturated with N2 gas and resuspended in 200 µL of n-heptane. 

Transesterification was then performed by adding 3 mL of methanol 

containing 2.5% (v/v) H2SO4 into 60 µL of lipid extracts and incubating at 60 
oC in a water bath for 4 h. The obtained fatty acid methyl esters (FAMEs) 

were analysed by GC-FID according to the method described in Chapter 2, 

section 2.3.2. FAMEs were identified by co-elution with a FAME standard mix 

(Supelco 37 Component FAME Mix, Sigma Aldrich, UK) and quantified from 

calibration curves of external standards (methyl esters of C14:0, C16:0, 

C16:1, etc). All FAME concentrations were normalised against the methyl 

pentadecanoate from the internal standard. Total FAME content was 

calculated as the sum of all individual FAMEs. 

4.2.5 Carbohydrate determination 

The carbohydrate content with three fractions including exopolysaccharides 

(EPS), soluble cellular carbohydrate and residual carbohydrate were 

determined according to the method described previously (Smith and 

Underwood, 2000) and the EnAlgae protocol (SOP 4.2.a) with some 

modifications. In brief, 8-18 mL of cell broth was centrifuged at 3,200 x g for 

15 min. The supernatant (6-10 mL) was transferred to a new Falcon tube for 

EPS precipitation by adding 3 volumes of chilled ethanol and incubating at 4 
oC overnight. Following centrifugation at 3,200 x g for 10 min, the precipitated 

EPS was resuspended in 1 mL of Milli-Q water and analysed for extracellular 

carbohydrate. Cell pellets (~1.5 mg in dry weight) were resuspended in 1 mL 

of Milli-Q water and transferred into 1 mL millitubes for focused acoustic 

ultrasonication. Samples were then transferred to glass test tubes followed 
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by adding 1 mL of 1 M sulphuric acid. Glass tubes were capped with 

stoppers, mixed thoroughly, and incubated at 90 oC for 1 h. After 

centrifugation at 21,000 x g for 10 min, the supernatants were collected for 

soluble cellular carbohydrate measurement. The residues were resuspended 

in 1 mL of 0.5 M sulphuric acid and analysed for residual carbohydrate. The 

carbohydrate content was quantified using the phenol sulphuric acid (PSA) 

assay, as detailed in Chapter 2, section 2.2.5.  

The monosaccharide composition of cellular carbohydrate extracts was 

further analysed by high-performance anion exchange chromatography 

(HPAEC). Before HPAEC analysis, the extracts were hydrolysed in 0.5 M 

sulphuric acid for 1 h at 121 oC in an autoclave. After cooling to room 

temperature, the hydrolysates were neutralised with calcium carbonate and 

centrifuged at 3,200 x g for 10 min. The supernatants were filtered through 

0.2 μm syringe filters, diluted and analysed using the HPAEC method as 

described in Chapter 2, section 2.3.3. Standards (fucose, glucose, galactose, 

mannose, etc) were used for identification and quantification. 

4.3 Results and Discussion  

The highly interesting pleiomorphic property of P. tricornutum motivated us to 

investigate other characteristics such as growth kinetics and biochemical 

profiles including pigment, protein, fatty acid and carbohydrate from various 

cell morphotypes in support of Phaeodactylum biorefinery for industrial 

exploitation. 

4.3.1 Growth of fusiform and oval P. tricornutum cells 

As mentioned in Chapter 3, fusiform cells are predominant in cultures grown 

in f/2 medium (denoted as fusiform cell cultures), representing approximately 

88% in Pt1 8.6 and 97% in Pt4. By contrast, the oval form is most abundant 

in cultures maintained in M & M medium (denoted as oval cell cultures), 

accounting for approximately 90% in Pt1 8.6 and 100% in Pt4. From a 

bioprocessing perspective, it is important to be able to quantify cell growth 

rate and dry biomass yield with regard to bioprocess design and scale-up. 
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Consequently, we investigated the effects of culture media on growth and 

biomass production of the two obtained cell morphotypes. 

 
Figure 4-1 Growth profiles of fusiform and oval P. tricornutum cultures 
maintained in two different culture media.  

Growth curves measured by cell density (A, B) or OD750 (C, D) for fusiform (F) cell 
cultures grown in f/2 medium or oval (O) cell cultures grown in M & M medium in Pt1 
8.6 (A, C) and Pt4 (B, D). Data are shown as mean ± one standard deviation from 
three biological replicates. 

The cell density was measured to monitor growth of fusiform and oval cells 

for Pt1 8.6 and Pt4. As shown in Figure 4-1 A, similar growth rates were 

obtained for fusiform and oval cell cultures of Pt1 8.6, with the maximum 

specific growth rates of 0.68 d-1 and 0.70 d-1, corresponding to doubling times 

of 1.03 d and 0.99 d, respectively (Table 4-1). Fusiform cell cultures entered 

stationary phase from day 10, reaching a final cell density of approximately 
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12x106 cells mL-1. In contrast, oval cell cultures experienced a longer lag 

phase, kept growing after 10 days cultivation and appeared to only reach the 

early stationary phase on day 21, where a 3-fold higher cell density of 

37.4x106 cells mL-1 was achieved. Similar growth patterns were observed for 

Pt4 cultures except that a higher maximum specific growth rate was obtained 

for fusiform cell cultures compared to oval cell cultures (0.76 d-1 versus 0.43 

d-1; doubling time, 0.92 d versus 1.65 d) (Figure 4-1 B & Table 4-1). Slower 

growth rate was previously reported for the oval strain (Pt3) in comparison to 

fusiform strains and the doubling times obtained here were similar to those 

reported previously (De Martino et al., 2007). 

Table 4-1 Maximum specific growth rates (μmax) and doubling times of fusiform 
(F) and oval (O) P. tricornutum cultures. 

 μmax (d-1) Doubling time (d) 

Pt1 8.6-F 0.68±0.10a 1.03±0.17 

Pt1 8.6-O 0.70±0.04b 0.99±0.06 

Pt4-F 0.76±0.04a 0.92±0.06 

Pt4-O 0.43±0.07b 1.65±0.25 

Data are shown as mean ± one standard deviation from three biological replicates. 
a The μmax values for fusiform cell cultures were calculated based on the cell density 
from day 0 to day 1 (Figure 4-1 A & B). 
b The μmax values for oval cell cultures were calculated based on the cell density 
from day 1 to day 3 (Figure 4-1 A & B). 

As a simple and rapid method, optical density measurement can also be 

used to estimate cell growth based on Beer-Lambert’s Law. For both strains 

tested, fusiform cell cultures showed higher OD750 readings for the first 10 

days or 14 days cultivation, which were then overtaken by OD750 values for 

oval cell cultures (Figure 4-1 C & D). Similar trend was observed for the 

changes in dry biomass yield of the two cell morphotypes (Figure 4-2). Over 

three weeks cultivation, the highest biomass concentrations were obtained 

for oval cell cultures (0.73 g L-1 in Pt1 8.6 and 0.58 g L-1 in Pt4), compared to 

the 0.50 g L-1 obtained for fusiform cell cultures of the two strains. This 

demonstrated that M & M medium is suitable for oval cell maintenance and 
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production, allowing high biomass yield to be achieved for oval P. tricornutum 

cells.  

 
Figure 4-2 Dry biomass concentration of fusiform and oval P. tricornutum 
cultures.  

Dry biomass concentration measured for fusiform (F) cell cultures grown in f/2 
medium or oval (O) cell cultures grown in M & M medium in Pt1 8.6 (A) and Pt4 (B). 
Data are shown as mean ± one standard deviation from three biological replicates. 

Interestingly, from day 7 to day 10 or 14, oval cell cultures displayed lower 

biomass concentrations (Figure 4-2) and OD750 values despite higher total 

cell numbers than fusiform cell cultures (Figure 4-1). This could be explained 

by the smaller cell size of oval morphotype (~10 μm) than fusiform 

morphotype (~30 μm) as well as the differences in biomass composition 

between them. For polymorphic microalgae, the relationship between OD 

and cell density is affected by cell morphology such as cell size and shape 

with the smaller particles usually having larger amount of transmitted and 

scattered light and thus lower absorbance. Moreover, the associated 

pigments in algae influence OD values as well, which is the reason why a 

wavelength of 750 nm, outside the absorption range of chlorophyll, is usually 

used for measuring OD. Since both the microalgal cell morphology and 

pigmentation are dependent on the physiological state of cells, which varies 

with changes in growth conditions such as light and nutrient availability and 

across the growth cycle, inaccuracies in the estimation of cell density by OD 

could occur (Griffiths et al., 2011). This may explain the observed differences 
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in kinetics of OD750 and cell count such as no lag phase showed for oval cells 

from OD750 measurement and a slight increase in OD750 of fusiform cells in 

stationary phase (Figure 4-1). A continuous increase in biomass 

concentration was also observed for fusiform cells after day 10 in stationary 

phase (Figure 4-2). Such an increase might be due to the accumulation of 

storage compounds such as carbohydrate and TAGs, caused by the initial 

nutrient starvation, as commonly reported for many microalgae (Breuer et al., 

2012). This also indicates that calibration curves of cell density or dry 

biomass concentration versus OD750 should be generated for each cell 

morphotype across the entire growth cycle when using OD750 for growth 

estimation (Appendix, Figure A-1). 

The evident longer growth phase and markedly higher final cell and biomass 

concentrations for oval cell cultures could be attributed to the higher 

macronutrient content, particularly nitrate and phosphate, in M & M medium 

when compared to f/2 medium used to grow fusiform cells (Table 2-1). The 

N:P assimilation ratio for phytoplankton growth is assumed to be 16:1 

(Redfield, 1958). It has also been shown that the percentages of nitrate and 

phosphate remaining in f/2 medium were approximately 0% after 7 days 

cultivation of P. tricornutum, which exhibited a similar growth pattern as our 

results observed for fusiform cell cultures (Ridley et al., 2018). Nutrient 

deprivation in f/2 medium at the stationary phase might therefore inhibit the 

growth of fusiform cells. In addition, a 5-fold increase in the dry biomass 

concentration from 0.5 g L-1 to 2.5 g L-1 was observed for P. tricornutum 

grown for 7 days in M & M medium when the CO2 concentration in the air 

supply increased from 0% to 1% (Yongmanitchai and Ward, 1991). From 

growth curves, stationary phase was not reached for oval cells even after 21 

days cultivation (Figure 4-1). This implies that carbon might be an important 

limiting factor for fast growth of oval cells and further optimisation of 

cultivation parameters such as inorganic carbon supply may further increase 

the growth rate and biomass production of oval P. tricornutum cells. 
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4.3.2 Pigment content and composition from fusiform and oval P. 
tricornutum cells  

Pigments, particularly fucoxanthin, represent potentially valuable products 

from P. tricornutum for food, cosmetics and pharmaceutical applications. 

Hence, it is essential to determine types of pigment produced and their 

concentrations. The effects of cultivation time and culture medium on 

pigment content and composition in fusiform and oval P. tricornutum cells 

were studied and the pigment content was calculated on a dry weight (DW) 

basis in order to estimate specific yields and productivities. Calibration curves 

of DW versus OD750 were created separately for fusiform and oval cells of Pt1 

8.6 and Pt4 (Appendix, Figure A-1) and were used for DW estimation from 

OD750 readings. 

The rapid spectrophotometric method and the HPLC method were employed 

to determine the pigment content in P. tricornutum and for comparison. The 

amounts of chlorophyll a (Chl a) and total carotenoids (Car) in the two cell 

morphotypes determined by spectrophotometry were calculated with the 

previously reported equations (Equations 4-1 & 4-3) and shown in Figure 4-3. 

Clearly, a gradual decline in the content of Chl a and Car from 17.5 to 3.3 mg 

g-1 DW and from 6.2 to 1.9 mg g-1 DW respectively was observed in Pt1 8.6 

fusiform cell cultures in comparison to the increase from 15.1 to 25.2 mg g-1 

DW for Chl a and from 5.1 to 8.8 mg g-1 DW for Car in Pt1 8.6 oval cell 

cultures over 21 days cultivation (Figure 4-3 A). Pt4 cell cultures showed a 

very similar change pattern in pigment content (Figure 4-3 B).  
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Figure 4-3 Pigment content in two morphotypes of P. tricornutum cells 
quantified with the spectrophotometric method.  

Quantification of chlorophyll a (Chl a) and total carotenoids (Car) by the 
spectrophotometric method from fusiform (F) cell cultures grown in f/2 medium or 
oval (O) cell cultures grown in M & M medium in Pt1 8.6 (A) and Pt4 (B). Data are 
shown as mean ± one standard deviation from three biological replicates. DW, dry 
weight. 

From HPLC analysis, five major diatom pigments including chlorophyll c2 

(Chl c2), fucoxanthin (Fuc), diadinoxanthin (Diad), chlorophyll a (Chl a) and 

β-carotene (β-car) were detected in both fusiform and oval P. tricornutum 

cultures (Figure 4-4), consistent with those commonly reported (Kosakowska 

et al., 2004, Ragni and D'Alcala, 2007). The results showed that Chl a and 

Fuc were the two predominant pigments produced in P. tricornutum (Figure 

4-5), which have previously been identified as the principal light harvesting 

pigments in P. tricornutum (Mann and Myers, 1968). In agreement with 

measurements from spectrophotometry, the content of each pigment was 

found to decrease gradually in fusiform cell cultures but increase slightly in 

oval cell cultures for both strains over three weeks cultivation. For example, 

the amounts of two major pigments, Chl a and Fuc, represented 9.5 mg g-1 

DW and 9.7 mg g-1 DW respectively in Pt1 8.6 fusiform cell cultures, and 8.2 

mg g-1 DW and 7.5 mg g-1 DW respectively in Pt1 8.6 oval cell cultures on 

day 3. After 21 days cultivation, their amounts declined to 2.4 mg g-1 DW and 

2.2 mg g-1 DW respectively in fusiform cell cultures, significantly lower than 

those from oval cell cultures which were 12.1 mg g-1 DW and 12.0 mg g-1 DW 
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respectively (Figure 4-5 A & B). Pigment content in Pt4 cultures followed a 

similar trend (Figure 4-5 C & D). 

 
Figure 4-4 Representative reverse phase HPLC chromatogram of pigments 
extracted from P. tricornutum cultures. 

Identified pigments with retention times: 1, solvent front; 2, chlorophyll derivative; 3, 
chlorophyll c2, 5.83 min; 4, fucoxanthin, 7.75 min; 5, diadinoxanthin, 9.35 min; 6, 
chlorophyll a, 15.36 min; 7, β-carotene, 18.07 min. 

This physiological response of declining pigment content with culture age 

observed in fusiform cell cultures is consistent with observations in 

microalgae grown under nutrient deprivation (Pancha et al., 2014, Msanne et 

al., 2012). Specifically, high pigment was generally synthesised in actively 

growing microalgal cells under nutrient-replete conditions for efficient 

photosynthesis and cell division. When cells reached stationary phase 

accompanied with nutrient limitation, cell growth was inhibited and 

photosynthetic capacity was decreased. Furthermore, suppression of genes 

involved in photosynthesis and pigment biosynthesis has also been observed 

in P. tricornutum in response to N and P deprivation (Alipanah et al., 2015, 

Alipanah et al., 2018). Thus, the low nutrient availability in f/2 medium could 

be responsible for the decreased pigment levels observed in fusiform P. 

tricornutum cultures. By contrast, the M & M medium contains relatively high 
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nitrate and phosphate content, leading to the accumulation of pigment in oval 

P. tricornutum cultures under the tested conditions. The higher contents of 

pigments, particularly Chl a and Fuc, from oval cells are consistent with the 

ability to increase light harvesting in abundant nitrate and phosphate which 

leads to greater cell division rate and cell density. 

 
Figure 4-5 Pigment composition and content in two morphotypes of P. 
tricornutum cells quantified by the HPLC method. 

Quantification of five major pigments including chlorophyll c2 (Chl c2), fucoxanthin 
(Fuc), diadinoxanthin (Diad), chlorophyll a (Chl a) and β-carotene (β-car) by the 
HPLC method from fusiform (F) or oval (O) cell cultures of Pt1 8.6 (A, B) and Pt4 (C, 
D). Data are shown as mean ± one standard deviation from three biological 
replicates. DW, dry weight.  

The total pigment content also clearly revealed the pigment accumulation 

over cultivation time in oval P. tricornutum cultures grown in M & M medium 

but not in the fusiform cell cultures grown in f/2 medium. On day 3, there was 

no significant difference in total pigment content between fusiform and oval 

cell cultures in both strains. Over three weeks cultivation, the total pigment 
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content quantified by HPLC in oval cell cultures increased by more than 1.6-

fold, from 1.9% DW to 3.0% DW in Pt1 8.6 and from 1.8% DW to 3.6% DW in 

Pt4. By contrast, a gradual decrease from 2.3% DW to 0.6% DW in Pt1 8.6 

and from 2.1% DW to 0.7% DW in Pt4 was observed in fusiform cell cultures 

(Table 4-2). Accordingly, the oval cell cultures showed dark brown colour 

compared to the golden colour for fusiform cell cultures after two weeks 

cultivation (Figure 4-6), implying the higher pigment production from oval 

cells than fusiform cells.  

 
Figure 4-6 Representative flask image of fusiform and oval P. tricornutum 
cultures. 

Representative culture flasks of Pt1 8.6 on day 14 showing the dark brown colour of 
oval (O) cell cultures grown in M & M medium compared to the golden colour of 
fusiform (F) cell cultures grown in f/2 medium. 

Compared with the HPLC method, the spectrophotometric method gave a 

highly similar total pigment content of 2.4-0.5% DW and 2.0-3.4% DW for Pt1 

8.6 fusiform and oval cell cultures respectively, and 2.2-0.7% DW and 2.4-3.5% 

DW for Pt4 fusiform and oval cell cultures respectively. However, this method 

appeared to overestimate the Chl a content and underestimate total 

carotenoids in P. tricornutum in comparison to the HPLC method (Figures 4-3 

& 4-5). The HPLC method was believed to be more accurate since each 

pigment in the extract (chlorophylls and carotenoids) was separated and 

quantified from their respective standard calibration curve. By contrast, the 

spectrophotometric method is measuring the absorbance of the crude extract 

at wavelengths corresponding to the maximum absorption of the studied 

pigments and using equations with specific molar extinction coefficients for 
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quantification. The overestimation of Chl a by spectrophotometry might be 

due to the presence of Chl c, the absorption spectrum of which overlaps with 

that of Chl a, in P. tricornutum and the presence of Chl degradation 

derivatives (Figure 4-4) (Picazo et al., 2013). The Chl a overestimation will 

result in the underestimation of total carotenoids based on the Equation 4-3 

shown in section 4.4.2. In addition, the accuracy of spectrophotometry also 

depends on the accuracy of the extinction coefficients, the spectral purity of 

pigments, the relative proportion of different Chls in the extract, the precision 

of spectrophotometer and the presence of water from the extracted cells 

which affects the maximum absorbance peak (Connan, 2015).  

P. tricornutum has been identified as a natural source of the high-value 

marine carotenoid fucoxanthin (Kim et al., 2012). Our results confirmed the 

high content of fucoxanthin in P. tricornutum. The maximum fucoxanthin 

content was observed in oval cell cultures on day 21, reaching 12.0 mg g-1 

DW in Pt1 8.6 and 12.7 mg g-1 DW in Pt4, corresponding to the highest 

volumetric concentrations of 8.5 mg L-1 and 7.0 mg L-1 respectively, which 

are more than 3.5-fold higher than those achieved in fusiform cell cultures 

(1.6 mg L-1 in Pt1 8.6 and 2.0 mg L-1 in Pt4). The fucoxanthin content 

obtained here from fusiform cell cultures is similar to those (2.1-5.5 mg g-1 

DW) reported in P. tricornutum grown in f/2 medium (Wu et al., 2016). A 

higher amount of 6-15.7 mg g-1 DW was observed previously in P. 

tricornutum at a large scale of over 30 L depending on the nutrient conditions 

and extraction methods (Kim et al., 2012, Gao et al., 2017), suggesting that 

optimisation of cultivation time and scale-up parameters may further enhance 

the pigment production from oval P. tricornutum cultures. 

4.3.3 Protein content from fusiform and oval P. tricornutum cells  

The protein content (% DW) from the two morphotypes of cell cultures over 

cultivation time was investigated. Overall, significantly higher protein content 

was obtained in oval cell cultures than in fusiform cell cultures for both strains 

under the tested conditions (p<0.05) (Figure 4-7), implying the potential 

nutritional value of oval cells. Specifically, the protein content from oval cell 
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cultures grown in M & M medium reached a plateau after experiencing an 

initial increase in the first 8 days cultivation, representing 24.1% DW in Pt1 

8.6 and 20.4% DW in Pt4. In contrast, the protein content from fusiform cell 

cultures grown in f/2 medium increased initially as well, reaching a maximum 

amount of 16.0% DW in Pt1 8.6 and 14.1% DW in Pt4 on day 8. After that, 

the values decreased gradually to 8.1% DW and 8.6% DW respectively by 

the end of cultivation (Table 4-2).  

 
Figure 4-7 Protein content in two morphotypes of P. tricornutum cells.  

Total soluble protein content quantified on a dry weight (DW) basis from fusiform (F) 
or oval (O) cell cultures of Pt1 8.6 (A) and Pt4 (B). Data are shown as mean ± one 
standard deviation from three biological replicates. 

In a study on Pt3 sampled in the mid-log phase, it was shown that 68% of the 

2,326 differentially expressed genes were up-regulated and the nucleotide 

biosynthesis and protein processing were more active in oval cells 

maintained in 10% seawater, compared to fusiform and triradiate cells grown 

in 100% seawater (Ovide et al., 2018). This may explain the higher protein 

content detected in oval cell cultures than in fusiform cell cultures for both 

strains even at the log phase of day 3 (Figure 4-7). Highest protein content 

was observed at late log phase (~day 8), consistent with previous 

observations in microalgae (Gatenby et al., 2003). Nutrient limitation, 

particularly nitrate and phosphate deprivation, in f/2 medium as cultures 

reached stationary phase, is likely the main reason for the decrease in 

protein content observed in fusiform P. tricornutum cultures. This 

corroborates previous reports which have shown that genes involved in 
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protein biosynthesis and folding were repressed and recycling of organic N 

resources such as protein, chlorophyll and nucleotide was increased in P. 

tricornutum grown under N and P deprivation (Alipanah et al., 2015, Alipanah 

et al., 2018). On the other hand, the observed high protein content from oval 

cells than from fusiform cells could be co-founded by the high initial N and P 

in M & M medium. It would be helpful to culture fusiform cells in f/2 medium 

with increased N and P or to grow oval cells in M & M medium with 

decreased N and P to understand the protein content in the two morphotypes 

of P. tricornutum in the future.  

4.3.4 Lipid and fatty acid composition from fusiform and oval P. 
tricornutum cells 

In the context of lipid-based biodiesel production from microalgae, the neutral 

lipids stored as lipid bodies in the two morphotypes of P. tricornutum cells 

were analysed qualitatively through BODIPY 505/515 cell staining. 

Representative images showed that with the increasing culture time, more 

and larger lipid bodies with stronger fluorescence intensity were found in 

fusiform cells grown in f/2 medium whereas no obvious formation of lipid 

bodies was observed in oval cells cultured in M & M medium (Figure 4-8). 

This implies higher neutral lipid accumulation in fusiform cells than in oval 

cells under the tested conditions. In agreement with the observations from 

BODIPY staining, FAME analysis showed that fusiform cells grown in f/2 

medium accumulated a high amount of lipid over time with the FAME-

equivalent total fatty acid (TFA) content increasing steadily from 6.7% DW to 

22.9% DW in Pt1 8.6 and from 8.2% DW to 18.8% DW in Pt4 over 21 days 

cultivation (Figure 4-9 A & C and Table 4-2). By contrast, there was no 

significant change in TFA content from oval cell cultures which stabilised at 

around 8% DW in Pt1 8.6 and 7% DW in Pt4 under the tested conditions 

(Figure 4-9 B & D and Table 4-2). 

Microalgal lipid is composed of neutral lipids (NLs) and polar lipids (PLs). It is 

widely reported that NLs, primarily TAGs, were significantly accumulated 

upon N starvation in microalgae, representing up to 90% of TFA content and 
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over 40% of dry weight (Breuer et al., 2012). TAGs, a storage pool of lipid, 

are precursors for biodiesel production (AI hattab and Ghaly, 2015). PLs 

including glycolipids and phospholipids are important components of various 

cellular membrane structures (van Meer et al., 2008). Membrane lipid 

remodelling from phospholipids to nonphosphorus lipids followed by TAG 

accumulation has been previously reported under N and P starvation in P. 

tricornutum (Abida et al., 2015, Alipanah et al., 2015, Alipanah et al., 2018, 

de Carvalho et al., 2016). Our results suggested that N and P deprivation 

was reached first in f/2 medium, inducing NL accumulation in fusiform cells 

which exhibit a potential feedstock for biodiesel production. P. tricornutum 

was reported to have a lipid content of 18-57% DW depending on growth 

conditions and extraction and quantification methods, comparable to that in 

other commonly used microalgae species such as Chlorella sp. (10-48% 

DW), Dunaliella sp. (18-67% DW) and Nannochloris sp. (20-56% DW) and 

lower than that in Botryococcus braunii (25-75% DW) and Schizochytrium sp. 

(50-77% DW) (Saifullah et al., 2014). In addition, nutrient deficiency 

conditions are often associated with relatively low biomass yields, leading to 

low overall product productivities (Gao et al., 2017). Therefore, the trade-off 

between culture condition-based cell biomass yield and product productivity 

should be carefully considered at the industrial level. When comparing the 

TFA content on day 3 before NL accumulation, there were no significant 

differences observed between fusiform and oval cell cultures of both strains 

(p>0.05) (Figure 4-9). In order to gain a better understanding about the 

biochemical differences of the two cell morphotypes, the modified f/2 medium 

with added nitrate and phosphate as M & M medium, given that it had no 

effect on fusiform cell morphotype, could be used in the future to grow 

fusiform cells to eliminate the impacts of N and P limitation. 



122 

 

  
Figure 4-8 Neutral lipid content in two morphotypes of P. tricornutum cells. 

Representative micrographs showing the neutral lipid bodies formation over time in 
fusiform (F) and oval (O) cells of Pt1 8.6 (A) and Pt4 (B) stained with BODIPY 
505/515. Lanes of f1 and o1 show the bright-field images of cells. Lanes of f2 and 
o2 are the corresponding fluorescent images. Scale bars: 20 μm. 
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Figure 4-9 Fatty acid composition and content in two morphotypes of P. 
tricornutum cells.  

Quantitative analysis of fatty acids by GC-FID from fusiform (F) or oval (O) cell 
cultures of Pt1 8.6 (A, B) and Pt4 (C, D). Data are shown as mean ± one standard 
deviation from three biological replicates. DW, dry weight.  

Fatty acid composition of microalgal lipids represents an important evaluation 

index for biodiesel production. The major fatty acids detected from fusiform 

and oval P. tricornutum cultures were found to be C14:0, C16:0, C16:1, 

C16:3 and C20:5 (EPA), plus small amounts of C18 families and C22:6 (DHA) 

(Figure 4-9). C16:0, C16:1 and EPA were shown to be three predominant 

fatty acids in either fusiform or oval P. tricornutum cells, representing 

approximately 0.9%, 3% and 3% DW (11%, 34% and 34% of TFAs) 

respectively on day 3. Over 21 days cultivation, a marked increase in the 

amounts of C14:0, C16:0, C16:1 and C18:1 was observed in fusiform cell 

cultures of both strains, leading to the rise in TFA content (Figure 4-9 A & C). 

This outcome confirmed a general trend of increasing proportions of 

saturated fatty acids (SFAs) and monounsaturated fatty acids (MUFAs) but 
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decreasing proportion of polyunsaturated fatty acids (PUFAs) over culture 

age (Breuer et al., 2012, Gao et al., 2017). Fluorescent images showed the 

accumulation of NLs in fusiform cells (Figure 4-8), implying that NLs 

consisted mainly of SFAs and MUFAs in P. tricornutum. By contrast, no 

significant change in the amount of each individual fatty acid was observed in 

oval cell cultures of both strains in the tested conditions (Figure 4-9 B & D). 

EPA was a major fatty acid detected in both fusiform and oval P. tricornutum 

cultures (Figure 4-9). As a high-value bioproduct, it is of great interest for 

nutraceutical and medical applications. EPA is present in all lipid classes, 

mainly in PLs. Among PLs, the highest EPA content was found in the 

glycolipid fraction of sulfoquinovosyl diacylglycerol (SQDG) (Yang et al., 

2017). P. tricornutum has been reported to contain about 1.7-4.4% DW EPA 

depending on strains and growth conditions (Medina et al., 1998, Steinrucken 

et al., 2018). Our results showed an EPA content of 2.0-3.0% DW in fusiform 

cell cultures and 1.8-2.6% DW in oval cell cultures with little changes 

observed over the cultivation period.  

4.3.5 Carbohydrate content from fusiform and oval P. tricornutum cells 

When high-value bioproducts are extracted from the microalgae, it will be 

important that the remaining sugar in the cell can be converted to other 

value-added products like bioethanol or biobutanol. The polysaccharides 

from microalgae have also been shown to have multiple bioactivities such as 

antitumor, antibacterial and antioxidant for potential pharmaceutical 

application (Yang et al., 2019). In order to explore ways to improve the 

technoeconomic feasibility of Phaeodactylum biorefinery, the carbohydrates 

from the two morphotypes of P. tricornutum cells were characterised over 

time.  
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Figure 4-10 Carbohydrate content from two morphotypes of P. tricornutum 
cells quantified with the PSA method.  

The cellular carbohydrate, residual carbohydrate and EPS content determined by 
the PSA assay on a dry weight (DW) basis from fusiform (F) or oval (O) cell cultures 
of Pt1 8.6 (A, B) and Pt4 (C, D). Data are shown as mean ± one standard deviation 
from three biological replicates. 

With the PSA assay described in Chapter 2, section 2.2.5, the contents of 

three carbohydrate fractions including exopolysaccharides (EPS), soluble 

cellular carbohydrate and residual carbohydrate were determined. The 

cellular carbohydrate content in fusiform cell cultures grown in f/2 medium 

showed a 3.5-fold change, rising from 10.2% DW to 35.7% DW in Pt1 8.6 

and a 5.1-fold change, increasing from 9.9% DW to 50.7% DW in Pt4 over 21 

days cultivation (Figure 4-10 A & C and Table 4-2). However, no significant 

changes were observed in oval cell cultures, where the cellular carbohydrate 

content was stabilised at approximately 21% DW in both strains under the 

tested conditions (Figure 4-10 B & D and Table 4-2). The residual sugar 

remaining in the final pellet was quantified as well in order to check the 
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degree of carbohydrate extraction. As shown in Figure 4-10, a low residual 

carbohydrate amount of 1.0-3.8% DW was determined for both fusiform and 

oval P. tricornutum cultures, implying that almost all the carbohydrate was 

extracted from either fusiform or oval cells. Since oval cells are known to 

secrete exopolymers (Tesson et al., 2009a), the released media-soluble 

polysaccharides were investigated. It was found that oval cells produced 

more EPS than fusiform cells (1.9-3.8% DW versus 0.7-1.6% DW) in the 

tested conditions (Figure 4-10). 

 
Figure 4-11 Carbohydrate content and profiles in two morphotypes of P. 
tricornutum cells.  

Monosaccharide composition of the cellular carbohydrate fraction quantified by the 
HPAEC method from fusiform (F) or oval (O) cell cultures of Pt1 8.6 (A, B) and Pt4 
(C, D). Fuc: fucose, Rham: rhamnose, Glcsam: glucosamine, Gala: galactose, Glc: 
glucose, Xyl: xylose and Man: mannose. Data are shown as mean ± one standard 
deviation from three biological replicates. DW, dry weight.  

The cellular carbohydrate content is much higher than the other two detected 

carbohydrate fractions and its composition was further analysed using the 
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HPLC method in order to quantify the easily-fermentable carbohydrates in P. 

tricornutum and to gain some insights into differences between fusiform and 

oval cells. A similar trend of the rising total cellular carbohydrate content in 

fusiform cell cultures (6.3-26.9% DW in Pt1 8.6 and 6.1-35.2% DW in Pt4) 

but stable levels in oval cell cultures (~9% in Pt1 8.6 and ~11% in Pt4) over 

time was observed for both strains in the tested conditions (Figure 4-11). 

However, the values obtained by the HPLC method are lower than those 

quantified from the PSA assay (Figure 4-10). This is most probably due to the 

glucose-equivalent quantification of total sugar in the PSA method which 

could overestimate carbohydrate content (Templeton et al., 2012). Another 

reason might be due to the omission of tiny unclassifiable peaks and other 

undetectable carbohydrates from the HPLC method causing underestimation 

of carbohydrate content.  

The results indicated that carbohydrate was accumulated significantly in 

fusiform P. tricornutum cells grown in f/2 medium with culture age, in 

agreement with previous observations in this species and other microalgae 

(Liang et al., 2006, Ho et al., 2013). This could also be induced by the 

nutrient limitation in f/2 medium during log phase, which has been shown to 

redirect the photosynthetic carbon flow into N-deficient compounds, resulting 

in enhanced biosynthesis and accumulation in storage compounds like 

carbohydrates and lipids in microalgal cells (Breuer et al., 2012, Pancha et al., 

2014). Interestingly, before carbohydrate accumulation occurs (day 3), 

significantly higher total cellular carbohydrate content was observed in oval 

cell cultures than in fusiform cell cultures for both strains (p<0.05) (Figures 4-

10 & 4-11), which might reflect the differences in structural carbohydrate 

between fusiform and oval cell morphotypes. 

Carbohydrate profile analysis demonstrated that the major monosaccharides 

detected in either fusiform or oval cells of Pt1 8.6 and Pt4 were fucose, 

rhamnose, galactose, glucose, xylose and mannose (Figure 4-11), consistent 

with observations reported previously (Templeton et al., 2012). It was shown 

that the increase in cellular carbohydrate content from fusiform cell cultures 

resulted mainly from the accumulation of glucose, which constituted 
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approximately 80% and 87% of total cellular carbohydrate in Pt1 8.6 and Pt4 

respectively by the end of cultivation (Figure 4-11 A & C). By contrast, no 

glucose accumulation was observed in oval cell cultures of both strains under 

the tested conditions. It is known that storage carbohydrate in P. tricornutum 

cells is present in the form of β-D-1,3-glucan, called chrysolaminarin which is 

a polymer of glucose molecules (Ford and Percival, 1965a). The result 

suggested that fusiform cells grown in f/2 medium have potential for 

bioethanol production through glucose fermentation. Additionally, Pt4 was 

found to accumulate higher levels of glucose more rapidly than Pt1 8.6. This 

implies that strains have different physiological properties and it is essential 

to conduct comparison to screen out the optimal strain for a specific 

application.  

Interestingly, significantly higher amounts of mannose, xylose, and fucose 

were observed from oval cells (~ 4%, 1% and 0.6% DW respectively) 

compared to fusiform cells (~ 3%, 0.5% and 0.3% DW respectively) in both 

strains (p<0.05) (Figure 4-11). Mannose was the predominant 

monosaccharide prior to glucose accumulation in both fusiform and oval P. 

tricornutum cells. Detailed monosaccharide analysis in P. tricornutum has 

shown that mannose is generally dominant in alkali soluble fraction, residual 

insoluble fraction and cell frustule fraction (Willis et al., 2013, Abdullahi et al., 

2006). Moreover, glucuronomannan is the main polysaccharide backbone of 

P. tricornutum’s cell wall (Le Costaouec et al., 2017, Ford and Percival, 

1965b). In agreement with a previous report showing the activated 

biosynthesis of glucuronomannan in oval cells of Pt3 (Ovide et al., 2018), the 

observed higher mannose content from oval cells than from fusiform cells 

might suggest the differences in cell wall between fusiform and oval 

morphotypes. 
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4.3.6 Overview on biochemical profiles from fusiform and oval P. 
tricornutum cells 

The profiles of total pigment, protein, lipid and carbohydrate from fusiform 

and oval P. tricornutum cultures over cultivation time were summarised in 

Table 4-2 to give an overview on the biochemical composition.  

Table 4-2 Biochemical profile from fusiform and oval P. tricornutum cultures. 

% DW Time 
(day) 

Pigment Protein Lipid Carbohydrate b Total 

Pt1 8.6-F 3 2.31±0.25 14.94±1.34 6.71±0.36 10.17±0.36 34.13 

8 1.58±0.10 a 15.98±0.86 9.83±0.33 14.00±1.78 41.39 

14 0.95±0.06 12.36±0.62 13.51±1.94 27.94±10.38 54.76 

21 0.59±0.02 8.12±0.46 22.93±2.35 35.73±5.83 67.37 

Pt1 8.6-O 3 1.90±0.18 17.98±1.40* 7.97±0.18 16.76±3.28* 44.61 

8 1.92±0.10 a 24.06±1.07 7.94±0.17 21.94±2.58 55.86 

14 2.76±0.09 23.27±1.48 8.17±0.39 20.81±3.62 55.01 

21 3.04±0.14 23.00±1.83 6.92±0.50 22.46±4.89 55.42 

Pt4-F 3 2.10±0.17 13.85±1.01 8.25±0.62 9.88±0.74 34.08 

8 1.68±0.11 a 14.12±0.35 8.62±0.43 23.08±2.58 47.50 

14 1.17±0.08 11.69±0.94 13.72±0.50 50.35±5.14 76.93 

21 0.72±0.02 8.65±0.49 18.83±0.48 50.72±1.14 78.92 

Pt4-O 3 1.83±0.10 19.39±1.45** 8.50±0.20 20.70±2.44** 50.42 

8 2.52±0.26 a 20.43±1.78 6.66±0.31 21.45±4.58 51.06 

14 3.14±0.25 20.78±1.28 6.74±0.15 21.68±2.74 52.34 

21 3.57±0.16 21.59±0.77 6.71±0.34 20.50±2.86 52.37 

Data were shown as mean ± one standard deviation from three biological replicates. 
a Cells were sampled on day 7 instead of day 8 for pigment content measurement. 
b Carbohydrate content showed here is the cellular carbohydrate fraction quantified 
using the PSA method. 
When compared the biochemical profiles on day 3 from oval cells with those from 
fusiform cells of each strain, * p<0.05, ** p<0.01. 

Over 21 days cultivation in batch cultures, the total amount of pigment, 

protein, lipid and carbohydrate from fusiform P. tricornutum cells grown in f/2 

medium increased from 34.1% DW to 67.4% DW in Pt1 8.6 and from 34.1% 

DW to 78.9% DW in Pt4. By contrast, for oval P. tricornutum cells maintained 
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in M & M medium, only 45-56% of the dry biomass was accounted for (Table 

4-2). Other materials such as nucleic acids (DNA, RNA), intermediates of 

metabolism (e.g. citrate and malate), silicate/silica and mineral elements (e.g. 

Na, K, Ca, Mg, Fe, S, Zn) may account for the missing percentage of dry 

biomass (Rebolloso-Fuentes et al., 2001). A high ash (inorganic matter) 

content of  up to 58% has been reported for P. tricornutum (Fernandez-Reiriz 

et al., 1989, de Ciencias, 1995). Ash-free dry weight (AFDW) is also 

generally used as a basis for quantification of biochemical composition. In 

addition, the extraction efficiency, incomplete hydrolysis, degradation and 

quantification methods could have a great influence on the amounts obtained. 

The observed changes in cell morphotype and biochemical composition in P. 

tricornutum were induced by culture media. In order to gain an insight into the 

intrinsic link between cell morphotype and biochemical composition, the 

biochemical profiles from fusiform and oval P. tricornutum cultures sampled 

on day 3 were compared. Cells were at exponential phase on day 3, which 

minimises the effects of nutrient deficiency on biochemical composition. The 

results showed that for both Pt1 8.6 and Pt4, significantly higher protein and 

carbohydrate content (% DW) were obtained from oval cells than from 

fusiform cells (p<0.05) and no significant differences in total pigment and TFA 

content were observed between them (p>0.05) (Table 4-2). This implied the 

biochemical differences between fusiform and oval P. tricornutum cells. 

Despite the observations, the results are cofounded between cell shape and 

variables of N and P availability. From Chapter 3, there was no significant cell 

morphological change in f/2 medium with increased N or P (Figure 3-11). f/2 

medium with added N and P could therefore be used in the future to maintain 

the fusiform morphotype for further comparison with the oval morphotype 

maintained in M & M medium. This would eliminate the effects of N and P 

limitation and direct the outcomes more to differences in P. tricornutum 

morphotypes. 

Harvest time is one of the key parameters for optimal product yield. Here, the 

cultivation time was shown to have little effect on biomass composition in 

oval P. tricornutum cells, which could be attributed to the high initial nutrient 
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(11.76 mM nitrate and 0.57 mM phosphate) in M & M medium and implied 

the actively growing status of cells cultured in this medium under the 

conditions studied. However, from growth curves, early stationary phase 

seemed to be reached in oval P. tricornutum cultures after 21 days cultivation 

(Figure 4-1). This suggested again that oval cell growth under this relatively 

high nutrient condition might be limited by other factors like carbon and light 

as inorganic carbon would become limited rapidly in relatively high light and 

high cell density conditions and the high cell density in flasks would cause 

self-shading. In contrast to our results, a more than 5-fold higher dry biomass 

concentration of 4.05 g L-1, a decrease in fucoxanthin content and an 

increase in total lipid content over time were observed in P. tricornutum 

grown under 14.5 mM nitrate and 0.88 mM phosphate at a large scale of 50 L 

aerated with 1% CO2-enriched air (Gao et al., 2017). Further experiments 

such as an analysis of nutrient content, particularly nitrate and phosphate, 

remaining in culture media and optimisation of cultivation parameters would 

be helpful for understanding the morphological and biochemical responses of 

P. tricornutum to M & M medium and would also be important for scale-up 

bioprocess design. 

4.4 Conclusion  

In this chapter, the growth kinetics and biochemical profiles for fusiform and 

oval P. tricornutum cells maintained in f/2 medium and M & M medium 

respectively were investigated to gain insights into their industrial exploitation. 

Similar growth rates were observed for Pt1 8.6 fusiform and oval cell cultures 

whereas a higher maximum specific growth rate was obtained for Pt4 

fusiform cell cultures compared to Pt4 oval cell cultures. Despite that, higher 

biomass yields were obtained from oval cell cultures than from fusiform cell 

cultures for both strains after three weeks cultivation. This indicated that 

cultivation in M & M medium under the constant shaking condition as 

proposed in Chapter 3 was an effective and practical method for high oval 

cell production in liquid cultures.  



132 

 

From the perspective of industrial application, fusiform P. tricornutum cells 

grown in f/2 medium were shown to be a potential feedstock for biodiesel and 

bioethanol production as lipids and carbohydrates, particularly neutral lipid 

and glucose, were significantly accumulated in fusiform cells with culture time. 

On the other hand, pigments, particularly chlorophyll a and fucoxanthin, were 

markedly accumulated in oval cell cultures over 21 days cultivation and 

higher protein content (% DW) was obtained from oval cells than from 

fusiform cells in the tested conditions. This suggested that oval P. tricornutum 

cells maintained in M & M medium may be preferable for high pigment and 

protein production. Additionally, both fusiform and oval cells can be used for 

EPA production. Knowledge on biochemical profiles in various cell 

morphotypes is essential for nutritional value evaluation and optimisation of P. 

tricornutum for industrial biotechnology. By characterising the product 

accumulation in different cell morphotypes grown in their respective culture 

medium, this work provides implications for the bioprocessing of P. 

tricornutum in terms of cultivation and harvest time and also provides a 

reference for further improvement of overall biomass and classes of product 

yields from P. tricornutum. 

Statistical analysis of the biochemical profiles on day 3 showed that 

significantly higher protein and carbohydrate content (% DW) were obtained 

from oval cells than from fusiform cells and there were no significant 

differences in total pigment and TFA content between them. Particularly, 

higher amount of mannose (% DW) was observed from oval cells than from 

fusiform cells, implying the potential differences in cell wall between them. 

Our work offers an insight into the biochemical differences between oval and 

fusiform morphotypes and lays a foundation for deeper exploration at genetic 

levels. 
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5 Ultra scale-down mimics for cell harvest and disruption of 
two Phaeodactylum tricornutum morphotypes  

5.1 Introduction 

The polymorphic diatom, P. tricornutum appears to be an attractive platform 

for the manufacture of high-value compounds such as EPA, fucoxanthin and 

recombinant proteins for industrial, medical and nutritional applications. A 

novel way to regulate cell morphology of P. tricornutum in liquid cultures was 

developed in this study, as described in Chapters 3. Stable cultures 

predominantly oval cells of Pt1 8.6 and Pt4 ecotypes were well-maintained in 

Mann and Myers’ medium. The subsequent biochemical composition 

analysis described in Chapter 4 showed the different bioproduct 

accumulation in different P. tricornutum morphotypes depending on growth 

conditions. Specifically, oval cells cultured in M & M medium were promising 

for high pigment and protein production whereas fusiform cells grown in f/2 

medium were shown to highly accumulate carbohydrate and lipid over 21 

days cultivation. In addition, successful genetic transformation of all three cell 

morphotypes by microparticle bombardment has been achieved at highly 

similar efficiencies (De Martino et al., 2007). Considering the potential of 

different P. tricornutum morphotypes for industrial biotechnology, it is 

important to understand the implications of cell morphotype on bioprocessing 

of P. tricornutum. 

Downstream bioprocessing plays a significant role for economical P. 

tricornutum biotechnology. After cultivation, harvesting and cell disruption are 

the essential downstream steps for intracellular product recovery. 

Centrifugation remains one of the most commonly used methods for 

harvesting microalgae since large volume of culture broth can be easily 

processed in a fast and effective way with high recovery efficiency and 

chemical-free biomass obtained (Singh and Patidar, 2018). However, the 

high degree of shear forces generated in industrial centrifuges might cause 

cell damage to sensitive biological materials, and consequently lower the cell 

recovery and the attainable product productivity (Boychyn et al., 2001). Cell 
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disruption is a crucial pre-treatment step to rupture the cell wall thereby 

enhancing extraction efficiency of biomolecules from microalgae. However, 

the cell wall structure and composition of microalgae is complex and has a 

significant impact on the disruption efficiency (Alhattab et al., 2019). 

Evaluation of the performance of large-scale bioprocessing by direct 

experimental method is material, time and cost consuming. Ultra scale-down 

(USD) technologies enable to use experimentation at the millilitre scale to 

rapidly evaluate the large-scale bioprocessing performance with greater ease 

and low cost (Rayat et al., 2016). An USD rotating-disc shear device was 

designed to mimic the hydrodynamic environments characterised in the feed 

zone of industrial centrifuges by computational fluid dynamics (CFD) 

(Boychyn et al., 2001, Boychyn et al., 2004).  As a consequence, it enables 

to predict the recovery efficiency with a subsequent bench-top centrifugation. 

This approach has been successfully applied to assess the effects of shear 

stress on the physical properties of various biological materials and the 

effects on the performance of subsequent processing unit operations such as 

centrifugation, filtration and formulation (Rayat et al., 2016, Mccoy et al., 

2010). An USD cell disruption method based on adaptive focused acoustics 

(AFA) has been used to mimic the high-pressure homogenisation of 

recombinant E. coli for recovery of an antibody fragment and this approach 

has been verified successfully at pilot scale (Li et al., 2012, Li et al., 2013). 

Although P. tricornutum with diverse morphotypes exhibits great potential for 

industrial applications, there has not been a systematic study focusing on the 

downstream processing of different cell morphotypes. To our knowledge, little 

is known about the behaviour of diverse P. tricornutum morphotypes in 

response to shear stress occurring in downstream processing such as large-

scale centrifugation and no study has been carried out to compare the 

rupture of various cell morphotypes. In this chapter, the initial steps of 

downstream processing including harvest and disruption of the obtained 

fusiform and oval P. tricornutum cells were investigated. The USD platform 

developed at UCL was employed to characterise the robustness of fusiform 

and oval cells against shear stresses and to predict the cell recovery in large-
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scale centrifuges. Subsequently, the cell disruption efficiency of the two 

morphotypes was studied using the AFA-based USD cell disruption method. 

This work seeks to gain an insight into the early recovery stages of 

downstream processing of two P. tricornutum morphotypes considering their 

potential use as expression hosts. 

5.2 Materials and methods  

All chemicals were purchased from Sigma-Aldrich unless otherwise stated. 

5.2.1 Cell cultivation for ultra scale-down studies 

As described in Chapter 3, the strains Pt1 8.6 and Pt4 were grown in either 

f/2 medium (Guillard, 1975) for fusiform morphotype maintenance or in M & 

M medium (Mann and Myers, 1968) for oval cell maintenance without 

supplement of silicate. For experimental culture preparation, log-phase cells 

of Pt1 8.6 and Pt4 grown in f/2 medium or M & M medium were inoculated in 

250 mL Erlenmeyer flasks containing 100 mL of respective culture medium 

with an initial cell density of approximately 1x106 cells mL-1. All cultures were 

grown under the conditions described in Chapter 2, section 2.2.1. 

Considering cell amount and time cost, as well as the maximum protein 

content obtained at late-log phase (section 4.3.3), cultures were sampled on 

day 7 for cell morphotype abundance, dry biomass concentration and USD 

bioprocessing analyses. 

5.2.2 Ultra scale-down study on centrifugation  

An USD rotating-disc shear device followed by bench-top centrifugation was 

used to evaluate large-scale centrifugation performance (Figure 1-7). The 

USD shear device (kompAsTM, Gowerlabs Ltd., UK) consists of a 20 mL 

stainless-steel chamber of 50 mm internal diameter and 10 mm height, fitted 

with a stainless-steel rotating disc of 40 mm diameter and 1 mm thickness 

with disc speed 0–18,000 rpm. The disc speed (N, revs s-1) was correlated to 

the maximum energy dissipation rate (ɛ, W kg-1) using the CFD derived 

empirical equation: ɛ=1.7x10-3 N3.17, 33<N<250 (Chatel et al., 2014). Two 
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conditions, N=6,000 rpm, ɛ=0.45x105 W kg-1 and N=12,000 rpm, ɛ=5.3x105 

W kg-1, were used to mimic the low shear and high shear stress levels 

experienced by cells in the feed zone of hydro-hermetic and non-hermetic 

disc-stack centrifuges respectively. Culture samples (20 mL) were exposed 

to shear stress for 20 s in the USD shear device to characterise the shear 

susceptibility of fusiform and oval P. tricornutum morphotypes. Shear studies 

were conducted in biological duplicates. 

The cell recovery efficiency was predicted with a following bench-top 

centrifugation based on the Sigma Theory (Equation 1-3), which was 

performed using a centrifuge 5424/5424R (Eppendorf, UK) equipped with a 

1.5/2.0 mL 24-place rotor (FA-45-24-11). Aliquots of 2 mL (VUSD) of the 

sheared and non-sheared samples were centrifuged at rotational speeds (N) 

of 10,000 rpm, 8,000 rpm, 6,000 rpm and 4,000 rpm for times (tUSD) of 6 min, 

5 min, 5 min and 6 min respectively (Table 5-1). The top 60% of the resulting 

supernatant was recovered without disturbing the sediment for clarification 

determination. The remaining sheared and non-sheared samples were used 

for particle size distribution measurement and microscopic examination. 

Centrifugation conditions used in this study and parameters calculated with 

Equations 1-3 & 1-4 were summarised in Table 5-1. An example calculation 

is presented in Appendix.  

Table 5-1 Centrifugation conditions and parameters used for cell recovery 
study  

N (rpm) 10,000 8,000 6,000 4,000 

tUSD (min) 6 5 5 6 

SUSD (m²) 0.648 0.409 0.230 0.104 
$!"#

%!"#&!"#'!"#
 (m s-1) 0.86x10-8 1.6x10-8 2.9x10-8 5.4x10-8 
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5.2.3 Ultra scale-down study on cell disruption 

The cell disruption efficiency for the fusiform and oval morphotypes was 

investigated using a focused acoustic ultrasonicator (Covaris E210, Covaris, 

USA) (Figure 1-9), as described in previous studies (Blaha et al., 2018, Li et 

al., 2012). P. tricornutum cell pellets from 6-10 mL of cell cultures, 

corresponding to approximately 1.5 mg biomass in dry weight, were 

resuspended in 1 mL of PBS buffer (Gibco 10X PBS pH 7.4, Life 

Technologies, Thermo Fisher Scientific, UK). Cell suspensions were 

transferred into 1 mL millitubes with AFA fibres (Covaris, USA) and were then 

subjected to focused acoustic disruption with the following operation 

conditions: cycles per burst of 1000, power intensity of 10, duty factor of 20% 

(the percentage of “on” time of each acoustic burst) and water bath at 10 oC. 

The impact of treatment time on cell disruption efficiency of the two 

morphotypes was determined through counting the remaining intact cell 

number and measuring the released soluble protein content. Particle size 

distribution was also determined after cell disruption. Cell rupture experiment 

was conducted in biological triplicates. 

5.2.4 Analytical methods 

Cell morphotype abundance and dry biomass determination 

The method for determining the proportion of each morphotype in P. 

tricornutum cultures was same as described in Chapter 3, section 3.2.1. 

The final cell density and dry biomass concentration (g L-1) were measured 

using the methods detailed in Chapter 2, section 2.2.2. 

Clarification and solids remaining determination 

The separation efficiency of centrifugation can be described by the degree of 

clarification (C) or the solids remaining (S), determined through optical 

density measurement at 750 nm as follows: 
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𝑪(%) = 	 𝑶𝑫𝒇*𝑶𝑫𝒔
𝑶𝑫𝒇*𝑶𝑫𝒘

	× 𝟏𝟎𝟎			                                                        Equation 5-1 

𝑺(%) = 	𝑶𝑫𝒔*𝑶𝑫𝒘
𝑶𝑫𝒇*𝑶𝑫𝒘

	× 𝟏𝟎𝟎	                                                           Equation 5-2 

where ODf is the optical density of the feed sample before shear treatment, 

ODs is the optical density of the supernatant of centrifuged samples and ODw 

is the optical density of the supernatant of a well-spun sample (prepared by 

centrifugation at 15,000 rpm for 30 min and used as a baseline 

measurement). 

Particle size distribution, released protein and microscopic analyses 

The methods for measuring the particle size distribution and the released 

protein content and for microscopic examination were described in Chapter 2, 

sections 2.2.6, 2.2.4 and 2.2.3. 

5.3 Results and discussion 

5.3.1 Growth of fusiform and oval P. tricornutum cells  

Upon arrival from CCAP, both Pt1 8.6 and Pt4 strains were maintained in f/2 

medium and displayed mainly the fusiform morphotype. Oval cell dominant 

cultures of the two strains were obtained and maintained in M & M medium, 

as described in Chapter 3. Fusiform and oval P. tricornutum cultures were 

grown in their respective medium for 7 days at approximately late-log phase 

(Figure 4-1) and were then sampled for USD studies. As detailed in Chapter 

4, although the relatively young cells sampled on day 7 are different to older 

cells which seem to be more industrially relevant due to the accumulation of 

lipid and carbohydrate, their protein content reached maximum and 

meanwhile the lipid and carbohydrate content were more similar between 

fusiform and oval cells and may thus be suitable for sampling. After 7 days 

cultivation, the fusiform cell cultures of both Pt1 8.6 and Pt4 contained 

approximately 95% fusiform cells, plus a small proportion of oval and 

triradiate cells (Table 5-2). On the other hand, oval cells dominated in oval 
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cell cultures of Pt1 8.6 and Pt4, representing 75.6% and 100% respectively. 

In addition, fusiform cell cultures produced higher dry biomass concentration, 

but lower cell density compared to oval cell cultures on day 7 in both strains 

(Table 5-2), which is consistent with the growth profiles described in Chapter 

4 (Figures 4-1 & 4-2). As demonstrated in Chapter 4, this could be due to the 

different cell size and biochemical composition between fusiform and oval 

cells (Table 4-2).  

Table 5-2 P. tricornutum culture properties on day 7 for USD shear studies. 

 Biomass (g L-1) Cell density  
(x106 cells mL-1) F (%) O (%) 

Pt1 8.6-Fa 0.248±0.003 8.61±0.51 94.82±0.00 4.78±0.02 

Pt1 8.6-Ob 0.155±0.005 9.80±0.08 24.44±2.46 75.56±2.46 

Pt4-Fa 0.240±0.005 8.27±1.39 94.59±0.70 2.90±0.91 

Pt4-Ob 0.178±0.003 14.02±0.24 0.00±0.00 100.00±0.00 

Data are shown as mean ± difference from the mean, representing the minimum 
and the maximum values from two biological replicates. 
a Fusiform (F) cell cultures were grown in f/2 medium.  
b Oval (O) cell cultures were grown in M & M medium.  

5.3.2 Ultra scale-down prediction of cell recovery from large-scale 
centrifugation  

An USD centrifugation method combining shear treatment in a high-speed 

rotating-disc device with lab-scale centrifugation has been successfully used 

for clarification performance prediction of various biological materials in 

industrial centrifuges (Boychyn et al., 2004, Hutchinson et al., 2006, Rayat et 

al., 2016, Stoffels et al., 2019). Here, the impact of shear stress depending 

on the choice of feed zone configuration of disc-stack centrifuges on recovery 

efficiency of fusiform and oval P. tricornutum cells were assessed employing 

the USD techniques. 

Clarification efficiency 
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In order to mimic the performance of a continuous industrial disc-stack 

centrifuge operating at diverse flow rates, the USD centrifugation method 

was applied to determine the clarification efficiency of fusiform and oval 

cultures of Pt1 8.6 and Pt4 over a range of ratios of equivalent flow rate to 

settling area (V/(tS)=0.86-5.4x10-8 m s-1, Table 5-1). As shown in Figure 5-1, 

the clarification efficiency decreased with the V/(tS) ratio showing good linear 

correlation for non-sheared and sheared P. tricornutum samples, despite that 

such a decrease was not statistically significant for some conditions such as 

non-sheared and sheared Pt4 oval cell cultures due to the tested narrow 

V/(tS) range. Within the range studied, an overall high degree of cell recovery 

was achieved with the minimum clarification values of 95.9% and 93.4% 

obtained for Pt1 8.6 fusiform and oval cell cultures, and 97.1% and 97.3% 

obtained for Pt4 fusiform and oval cell cultures, respectively. A reduction in 

the clarification performance was observed for P. tricornutum cultures after 

exposure to shear stresses, except for the Pt4 oval cell cultures. Specifically, 

exposure of cultures to a maximum energy dissipation rate of up to 5.3x105 

W kg-1 induced an up to 1.03-fold decrease in the clarification efficiency, with 

a corresponding up to 4.4-fold increase in the level of solids remaining in the 

supernatant in the range studied (Figure 5-1 A, B & C). The loss of 

clarification with shear treatment could be attributed to shear stresses leading 

to breakage of cells or cell aggregates, and consequently an increased 

proportion of fine particles (Boychyn et al., 2001). However, no significant 

further reduction in clarification efficiency was observed for high-sheared 

samples compared to low-sheared samples (Figure 5-1), which is probably 

due to the declined number of shear-sensitive particles in cultures. An 

exception is the Pt4 pure oval cell cultures for which little evidence of the 

clarification performance being affected by the applied shear stresses was 

observed (Figure 5-1 D), suggesting that oval cells might be potentially more 

shear tolerant than fusiform cells. Contrastingly, Pt1 8.6 oval cell cultures 

seemed to be sensitive to shear treatment, which might be attributed to the 

presence of 24% fusiform cells in the cultures. 
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Figure 5-1 Clarification efficiency of two morphotypes of P. tricornutum 
cultures after ultra scale-down centrifugation.  

The degree of clarification obtained over a range of ratios of equivalent flow rate to 
settling area for fusiform (F) or oval (O) cell cultures of Pt1 8.6 (A, B) and Pt4 (C, D), 
which were exposed to shear conditions: Non-shear (◆); Low shear (□), 0.45x105 W 
kg-1 and High shear (p), 5.3x105 W kg-1 followed by bench-top centrifugation. 
Symbols shown are averages from two biological replicates. Error bars represent 
differences from the means, indicating the minimum and the maximum values. Lines 
represent the trendline of best fit for each data set with the equation and R2 value 
shown. *p<0.05 showing the significant decrease in clarification with increasing 
V/(tS). +p<0.1, ++p<0.05 when comparing the clarification of high-sheared samples 
to that of non-sheared samples at V/(tS)=5.4x10-8 m s-1. 

Typical values of V/(tS) ranging from 10-9 m s-1 to 10-7 m s-1 are used to 

mimic an industrial centrifuge operating at low to high flow rates and typical 

values of SLS for large-scale centrifuges are 500-5000 m2 (Rayat et al., 2016). 

Our results indicated a high recovery efficiency of P. tricornutum cells under 

industrial centrifugation conditions. Recovery of Pt4 oval cells through 

centrifugation was shown to be highly effective irrespective of shear stress. 

According to Stokes’ law (Equation 1-1), the sedimentation rate of a particle 

is influenced by the density difference between the solids and liquid phase, 

the viscosity and the particle size and shape. It has been reported that oval 

cells with smaller size tend to sink, having a higher sedimentation rate 

compared to fusiform and triradiate cells which are larger and more buoyant 

(De Martino et al., 2011). Due to the high centrifugation performance (>97%) 

obtained here, the differences in clarification between Pt4 oval and fusiform 
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cell cultures were not statistically significant (Figure 5-1 C & D). The superior 

separative advantage of Pt4 pure oval cell cultures during large-scale 

centrifugation might be exhibited at a lower separation capability (e.g., 

V/(tS) >6x10-8 m s-1). Pt1 8.6 oval cell cultures are mixtures of oval and 

fusiform morphotypes (Table 5-2), which might influence the homogeneity 

leading to a hindered settling effect and thus a poorer clarification compared 

to the other three types of cell cultures (Figure 5-1). 

Particle size distribution 

In order to gain an insight into the susceptibility of P. tricornutum 

morphotypes to the applied shear stress, particle size distribution for non-

sheared and sheared samples was analysed. Fusiform cell cultures of Pt1 

8.6 and Pt4 were abundant with approximately 95% fusiform cells (Table 5-2) 

and showed a multimodal size distribution (Figure 5-2 A & C). The fusiform 

morphotype is approximately 15-35 μm in length and 2.5-5 μm in width (De 

Martino et al., 2007, Wilson, 1946). Therefore, the bimodal size distribution in 

the 2-35 μm range probably result from the distinct differences between the 

length and the width of fusiform cells. Particles larger than 35 μm could result 

from cell aggregation. Exposure of the fusiform cell cultures of both strains to 

a maximum energy dissipation rate of up to 5.3x105 W kg-1 led to an increase 

in the volume of small particles and the disappearance of large particle 

aggregates. For example, the volume of particles in the 2-10 μm range 

increased from 59.1% to 74.2% in Pt1 8.6 and from 57.1% to 72.1% in Pt4 

and the percentage of particles smaller than 35 μm increased from 87.5% to 

97.8% in Pt1 8.6 and from 94.9% to 99.8% in Pt4 after high shear treatment. 

The oval cell is two to three times smaller than the fusiform one, being 6-10 

μm in length and 2.5-5 μm in width (De Martino et al., 2007). The Pt1 8.6 oval 

cell cultures had a larger volume of particles in the 2-10 μm range (70.9%) 

compared to those from fusiform cell cultures (Figure 5-2 A, B & C). 

Furthermore, a second discernible peak in the 10-35 μm range was observed 

(Figure 5-2 B), which could be derived from the fusiform cells (24%) and cell 

aggregates present in Pt1 8.6 oval cell cultures. By contrast, only oval cells 
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were observed in Pt4 oval cell cultures (Table 5-2), which showed a sharp 

peak in the 2-10 μm range containing 89.6% of particles. The second peak 

observed in the 10-100 μm range is likely due to oval cell aggregation (Figure 

5-2 D). Similar to fusiform cell cultures, shear stress induced an increase in 

the proportion of small particles and the disappearance of large particle 

aggregation in oval cell cultures. After high shear treatment, the volume of 

particles in the 2-10 μm range increased to 85.4% in Pt1 8.6 and to 99.5% in 

Pt4, resulting in a monomodal size distribution for Pt4 pure oval cultures. The 

volume of particles smaller than 35 μm increased from 97.3% to 99.9% in Pt1 

8.6 oval cell cultures. 

 
Figure 5-2 Particle size distribution of two morphotypes of P. tricornutum 
cultures after shear treatment in the USD shear device. 

Representative particle size distribution for fusiform (F) or oval (O) cell cultures of 
Pt1 8.6 (A, B) and Pt4 (C, D) after being exposed to shear conditions: Non-shear 
(black solid line); Low shear (dash line), 0.45x105 W kg-1 and High shear (grey solid 
line), 5.3x105 W kg-1. 
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The obtained changes in clarification efficiency could be reflected by the 

changes in particle size. For instance, the volume of particles in the 2-10 μm 

range increased by more than 14.5% for Pt1 8.6 cultures and Pt4 fusiform 

cell cultures, compared to the smaller change of 9.8% for Pt4 oval cell 

cultures after high shear treatment. This trend becomes more evident when it 

comes to the change in the parameter of D90 (the size value below which 90% 

of the particles lies) induced by shear stress (Table 5-3). After high shear 

treatment, the D90 value decreased by only 4 μm for Pt4 oval cell cultures, 

compared to the change of more than 10 μm for the other three types of 

cultures. Therefore, the observed little change in clarification efficiency for 

Pt4 oval cell cultures after shear treatment (Figure 5-1 D) may be attributed 

to its smaller change in particle size. 

Table 5-3 Effect of shear stress on the parameter of D90 for fusiform (F) or oval 
(O) cell cultures of Pt1 8.6 and Pt4. 

D90, μm Pt1 8.6-F Pt1 8.6-O Pt4-F Pt4-O 

Non-shear 55.7±27.6 24.0±0.8 30.7±2.2 11.7±0.8 

Low shear 27.2±0.5 16.1±0.8 25.9±2.0 8.9±0.1 

High shear 20.6±0.5 13.8±0.1 19.7±0.6 7.5±0.0 

D90, the size value below which 90% of the particles in a sample suspension lies. 
Data are shown as mean ± difference from the mean, representing the minimum 
and the maximum values from two biological replicates. 

Microscopy and released protein 

The particle size distribution analysis suggested the disruption of large 

particle aggregates (>35 µm) by shear stress. However, there is little 

evidence of cell breakage under the tested shear conditions as no distribution 

of fine particles below 2 μm which would be typical of cell debris was 

observed for either fusiform or oval cell cultures (Figure 5-2). Microscopic 

examination confirmed the presence of cell aggregates in non-sheared 

cultures and their dissociation in high-sheared samples (Figure 5-3). Similarly, 

no evident cell damage was observed under microscopy, except that one Pt1  
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Figure 5-3 Microscopic images of P. tricornutum cells before and after shear 
treatment.  

Representative micrographs of cells sampled from fusiform (F) or oval (O) cell 
cultures of Pt1 8.6 and Pt4 after exposure to Non-shear and High shear (5.3x105 W 
kg-1) conditions. White arrow indicates the observed one-arm fusiform cell. Scale 
bars, 20 µm. 
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Figure 5-4 Released protein concentration detected in P. tricornutum cultures 
before and after shear treatment.  

The released protein content detected in the supernatant of fusiform (F) or oval (O) 
cell cultures of Pt1 8.6 (A) and Pt4 (B) after being exposed to shear conditions: NS, 
non-shear; LS, low shear, 0.45x105 W kg-1 and HS, high shear, 5.3x105 W kg-1 
followed by centrifugation at 21,000 x g for 20 min at 4 oC. Protein was measured 
with Milli-Q water as blank. Data are shown as mean ± one standard deviation from 
two biological replicates and two technical replicates (n=4). The protein content 
obtained in the cell-free media (<0.02 mg mL-1) was even lower than the detection 
limit (0.025 mg mL-1) of the used Bradford assay with high noises when blanked with 
Milli-Q water. This also reflects that little cell damage occurred after shear treatment 
as no significant release of protein was observed.   

8.6 fusiform cell with one arm was found in the high-sheared fusiform cell 

cultures (Figure 5-3, white arrow), probably resulting from retraction of arm 

by cells in response to shear stress or cell damage. The results of protein 

detection in the supernatant of non-sheared and sheared samples showed 

no significant increase in the content of released protein after exposure to 

shear stresses from either fusiform or oval cell cultures (Figure 5-4), as may 

have been expected if cells were disrupted. The results suggested that both 

fusiform and oval P. tricornutum cells were resistant to the studied shear 

conditions and the reduced clarification efficiency observed might be 

indicative of disruption of cell aggregates, which are shear sensitive. 

It can be predicted from our results that a high cell recovery efficiency without 

evident cell damage could be obtained for both fusiform and oval P. 

tricornutum cells when using either a hermetically (low shear stress feed 

zone) or a non-hermetically (high shear stress feed zone) sealed disc-stack 

centrifuge. Our results also suggested that fusiform cell cultures were more 
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shear sensitive than pure oval cell cultures, displaying a reduced clarification 

efficiency and a larger change in particle size due to the disruption of cell 

aggregation after exposure to shear stresses. However, both fusiform and 

oval P. tricornutum cells themselves were shown to be resistant to the 

applied shear conditions (a maximum energy dissipation rate of up to 5.3x105 

W kg-1) with no significant cell damage and protein release observed. The 

results do not permit a definite conclusion to be drawn regarding the relative 

shear sensitivity of the two cell morphotypes. A higher maximum energy 

dissipation rate of 6-14x105 W kg-1 has previously been reported for other 

types of industrial centrifuges including multichamber-bowl centrifuge and 

CARR Powerfuge centrifuge (Boychyn et al., 2001, Boychyn et al., 2004). 

Exposure of cells to a higher shear stress level in the future may help to 

characterise the relative shear sensitivity of fusiform and oval P. tricornutum 

morphotypes. 

The shear stress tolerance of fusiform P. tricornutum cultures has been 

previously evaluated in photobioreactors (PBRs) during cultivation. In pilot-

scale bubble columns and airlift PBRs, an aeration rate of >0.01 m s-1 (a 

specific power input of >98 W m-3) was damaging to Pt3 cells, leading to a 

decline in biomass concentration (Mirón et al., 2003, Camacho et al., 2001). 

An agitation speed of >350 rpm (an impeller tip speed of >1.56 m s–1) 

damaged fusiform Pt3 cells assessed by a decrease in the steady state 

biomass concentration in aerated (at 1.5 L min-1) continuous cultures 

(Sobczuk et al., 2006). These studies demonstrated that P. tricornutum cells 

can be damaged by hydrodynamic forces depending on the energy 

dissipation rate experienced by cells. In addition, solids discharge from large-

scale centrifuges could also produce cell damage due to the high impact 

velocity (Stoffels et al., 2019, Chan et al., 2006). Pilot scale studies of 

centrifugation would be required to confirm the results predicted from USD 

centrifugation and confirm that the shear experienced on the discharge would 

not be problematic. 
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5.3.3 Ultra scale-down investigation on cell disruption of two P. 
tricornutum morphotypes  

The different P. tricornutum morphotypes are likely to behave very differently 

in bioprocessing due to the different cell properties (Martin-Jezequel and 

Tesson, 2013). Cell disruption is an important step of downstream processing 

for efficient recovery of intracellular products. However, little is known about 

the impact of cell morphotypes on disruption of P. tricornutum. Here, the 

Covaris E210 fitted with millitubes was used, enabling the investigation of cell 

disruption for fusiform and oval morphotypes through focused acoustic 

ultrasonication at the scale of one millilitre. 

Cell breakage and released protein 

The effectiveness of P. tricornutum cell disruption using acoustics is 

dependent on the loaded biomass concentration, power input, exposure time, 

cell morphotype and growth conditions. In this work, fusiform and oval cell 

pellet suspensions with approximately 1.5 g L-1 biomass were treated under 

the same acoustic conditions except for the sonication time. The degree of 

cell breakage increased with the sonication time for both fusiform and oval 

cells of Pt1 8.6 and Pt4 (Figure 5-5). Specifically, exposure of fusiform cells 

to focused acoustics for 60 s allowed an efficient fusiform cell disruption, with 

the degree of cell breakage achieving 97.0% for Pt1 8.6 and 95.8% for Pt4 

(Figure 5-5 a & e). Accordingly, the released protein content from fusiform 

cell suspensions increased from 0.06 mg mL-1 to 0.22 mg mL-1 for Pt1 8.6 

and from 0.04 mg mL-1 to 0.17 mg mL-1 for Pt4 (Figure 5-5 b & f). Further 

extension of sonication time to 90 s did not lead to a statistically significant 

increase in either the degree of cell breakage or the released protein content 

for fusiform cells of the two strains. 



150 

 

 
Figure 5-5 Impact of sonication time on cell disruption of two P. tricornutum 
morphotypes by focused acoustics.  

Cell breakage efficiency (a, c, e, g) and released protein content (b, d, f, h) detected 
for fusiform (F) or oval (O) cell suspensions of Pt1 8.6 and Pt4 after being subjected 
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to focused acoustics for different time. Values are shown as mean± one standard 
deviation from three biological replicates. 

Compared to the high cell breakage levels achieved for fusiform cells at 90 s 

(98.6% for Pt1 8.6, 97.2% for Pt4), exposure of oval cell samples to focused 

acoustics for 90 s only gave a cell disruption efficiency of 28.9% for Pt1 8.6 

and 38.1% for Pt4 (Figure 5-5 c & g). Meanwhile, the released protein 

content from oval cell samples was lower than that from fusiform cell samples 

for both Pt1 8.6 and Pt4. With the extension of sonication time to 8 min, there 

was a marked increase in the cell breakage efficiency to 95.2% for Pt1 8.6 

oval cell samples (containing 88.8% oval cells) and to 99.4% for Pt4 pure 

oval cell samples. Accordingly, the released protein content from oval cell 

suspensions increased from 0.05 mg mL-1 to 0.30 mg mL-1 for Pt1 8.6 and 

from 0.05 mg mL-1 to 0.28 mg mL-1 for Pt4 (Figure 5-5 d & h), higher than the 

maximum released protein content detected from fusiform cell suspensions. 

This result is consistent with our previous observations described in Chapter 

4 showing that oval cells grown in M & M medium produced higher amount of 

protein than fusiform cells grown in f/2 medium (Figure 4-7). 

Particle size distribution 

The particle size distribution of the sonicated P. tricornutum suspensions was 

also evaluated for both fusiform and oval morphotypes. The cell suspensions 

before ultrasonication displayed a similar particle size distribution pattern 

(Figure 5-6) as observed for the non-sheared cell cultures in the USD 

centrifugation study (Figure 5-2). Clearly, after treatment of fusiform cells by 

focused acoustics, there is a shift in the size distribution towards smaller 

particles. With the sonication time, the second peak in the 10-35 μm range 

and the third large cell aggregation peak disappeared, resulting in a 

significant increase in the first peak and in the volume of sub 2 μm fine 

particles (Figure 5-6 A & C). Combining this result with cell breakage from 

microscopic cell counting (Figure 5-5 a & e), it was suggested that the 

disappearance of the second peak in the 10-35 μm range, similar size to the 

length of fusiform cells, is indicative of fusiform cell breakage and the peak in 
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the 1-10 μm range after complete cell disruption is probably derived from cell 

debris and their aggregation. 

 
Figure 5-6 Particle size distribution of two morphotypes of P. tricornutum 
suspensions after cell disruption by focused acoustics.  

Representative particle size distribution for fusiform (F) or oval (O) cell suspensions 
of Pt1 8.6 (A, B) and Pt4 (C, D) after exposure to focused acoustic ultrasonication 
for different time.  

Similarly, after treatment of oval cell suspensions by focused acoustics for 90 

s, the particles larger than 10 μm were disrupted leading to a sharp peak in 

the 1-10 μm range (Figure 5-6 B & D), which also implied the breakage of 

fusiform cells present in Pt1 8.6 oval cell samples. As expected, longer 

treatment time resulted in a shift towards smaller sizes for oval cell samples 

of both strains. A large proportion of submicron particles in the 0.1-1 μm 

range was observed in Pt1 8.6 after 12 min treatment (43.0%) and in Pt4 

after 8 min treatment (69.2%), where a cell breakage level of 99% was 

achieved for both strains (Figure 5-5 c & g). The remaining particles could be 
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derived from cell debris, aggregation of fine debris or macromolecular 

precipitation (Figure 5-7, white arrows) (Chatel et al., 2014). Notably, a cell 

breakage efficiency of above 91% without generation of submicron particles 

was observed after Pt1 8.6 and Pt4 oval cell samples were sonicated for 8 

min and 4 min respectively (Figure 5-5 & 5-6). These results suggest that the 

trade-off between complete cell disruption to achieve near complete 

intracellular product release and generation of submicron cell debris needs to 

be considered, as the subsequent micronised debris removal by 

centrifugation is challenging. 
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Figure 5-7 Microscopic images of oval P. tricornutum suspensions after 
treatment by focused acoustic ultrasonication.  

Representative micrographs of oval cell disruptate of Pt1 8.6 sonicated for 8 min (A) 
or 12 min (B), and Pt4 sonicated for 4 min (C) or 8 min (D). Note the presence of 
large aggregation (white arrows) after complete cell disruption. Scale bar, 20 µm. 
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Robustness of fusiform and oval P. tricornutum cells 

With approximately 1.5 g L-1 cell biomass loaded, 40 s was required for the 

fusiform morphotype to reach a cell breakage level of >90%, while more than 

4 min was needed for the oval form to achieve a comparable cell disruption 

level by focused acoustic ultrasonication. This result clearly showed that oval 

cells were much more robust, requiring a greater amount of energy for 

complete cell rupture than fusiform cells. Major factors determining the shear 

sensitivity of a microalga include the size and morphology of the cell, the 

composition and thickness of the cell wall, and the growth environment (Alias 

et al., 2004, Chisti, 2009). As mentioned above, the oval cell is about three 

times smaller than the fusiform one in length. Longer microalgae were 

demonstrated to be more susceptible to shear damage when recirculated 

through pumps (Vandanjon et al., 1999). For a given power supply producing 

turbulence within the flow, if the length scale of microeddies is equal or below 

the length of the cells, this turbulence causes cell damage (Camacho et al., 

2000, Alias et al., 2004). In this case, fusiform cells with larger size could be 

more sensitive to shear damage than oval cells for otherwise fixed conditions.  

The fusiform morphotype is commonly found under normal culture conditions 

while the oval form is characterised by its resistance to unfavourable 

conditions such as low temperature, low salinity and red light (De Martino et 

al., 2007, De Martino et al., 2011, Ovide et al., 2018, Herbstova et al., 2017). 

This suggested that oval cells might possess some special protection 

mechanisms against external damaging effects. The cellular organisation and 

structure is similar among P. tricornutum morphotypes except for the cell wall 

and vacuolar organisation (Borowitzka and Volcani, 1978). The space within 

the arms of fusiform and triradiate morphotypes was occupied by large 

vacuoles whereas almost the whole space inside the oval cell was taken up 

by plastids or chromatophores (Wilson, 1946). Mechanical analysis by atomic 

force microscopy has shown that the triradiate arms are softer than the core 

region probably due to the localisation of cell organelles (Francius et al., 

2008). Therefore, the large vacuolar volume in the fusiform morphotype 
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might be another contributor to its easier disruption compared to the oval 

form. 

The differences in cell wall structure and composition between fusiform and 

oval morphotypes could largely account for their different susceptibility to 

mechanical forces. P. tricornutum has a three-layered cell wall structure 

(Reimann and Volcani, 1967, Tesson et al., 2009a), mainly composed of 

polysaccharides, proteins, lipids, polyamines and silicon (Tesson et al., 

2009b). The frustule of fusiform and triradiate morphotypes is characterised 

being organic whereas the oval form cultured with a supplement of silicate is 

able to synthesise the siliceous frustule with the degree of silicification 

ranging from a raphe to a silicified valve with a raphe (Tesson et al., 2009a). 

Non-silicified valves were observed in oval cells grown in the absence of 

silicic acid (De Martino et al., 2007). A previous study showed that in the 

presence of silicate, the valve of oval cells provides higher mechanical 

resistance, being about five times stiffer than the valves of the other two 

morphotypes (Francius et al., 2008). Although silicate was not added for the 

cultivation of either fusiform or oval cells in this study, it has been 

hypothesised that P. tricornutum cells grown in glass vessels could 

potentially obtain sufficient silicon from the slow dissolution of glass at the 

alkaline pH of marine media (Lewin et al., 1958, Silkina et al., 2015). 

Therefore, further confirmation is needed for the degree of cell wall 

silicification and its contribution to the high mechanical resistance of oval 

cells detected in this work. 

Apart from the possibly synthesised silica shell depositing at the mid-layer of 

cell wall structure, the oval cell surface is known to be coated with 

mucilaginous exopolymeric substances (EPS), which showed moderate 

stiffness, comparable with that of the fusiform valve (Francius et al., 2008), 

and might also help to protect oval cells from external damages. Sulphated 

glucuromannan has been shown to constitute the polysaccharide backbone 

of P. triornutum cell wall, which seems conserved among cell morphotypes 

(Ford and Percival, 1965b, Le Costaouec et al., 2017). However, variations in 

the amount and linkages of cell wall components occur depending on cell 
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morphotypes in acclimation to environmental changes. A detailed study on 

the polysaccharide composition of Pt1 fusiform and oval morphotypes 

revealed the higher proportion of mannose in the cell frustule fraction and in 

the residual insoluble fraction from oval cells than from fusiform cells (Willis 

et al., 2013). Furthermore, monosaccharide analysis in Chapter 4 also 

showed the higher content of mannose and xylose from oval cells than from 

fusiform cells (Figure 4-11). These might reflect the differences in cell wall 

and be associated with the observed stiffer cell wall of oval cells compared to 

fusiform cells. In summary, the fusiform morphotype is larger in size, has a 

larger vacuolar volume, lacks a silica frustule and EPS coating and showed a 

lower mannose content, and may therefore be more susceptible to 

mechanical forces compared to the oval morphotype. 

As described in Chapter 4, fusiform cells grown in f/2 medium had quite 

different biochemical composition across 21 days cultivation. The relatively 

young cells sampled on day 7 have more protein and less lipid and 

carbohydrate so are likely to have a different cell structure and shear 

sensitivity compared to older stressed cells, which are with relevance to 

industrial bioproduction of particularly biofuels. There have been studies 

showing that the shear tolerance of microalgal cells varies with cell cultivation 

age (Wang and Lan, 2018).  It would be worth to further investigate the effect 

of culture age on shear sensitivity of P. tricornutum morphotypes in the future. 

Oval cells hold the potential to be used as a host to produce proteins. Its high 

robustness increases the difficulty of cell disruption, which would increase the 

cost for the downstream processing of P. tricornutum. However, oval cells 

might be advantageous for recovery of whole cell products where the 

application needs a degree of resilience, e.g. edible vaccines (Embregts and 

Forlenza, 2016). On the contrary, fusiform cells are easier to be disrupted 

and might hence be more applicable for intracellular products where cell 

disruption is required. Conceivably, it may be possible to culture P. 

tricornutum in morphotypes considering the particular applications to balance 

between resistance to damage-causing forces and ease of cell disruption.  
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5.4 Conclusions 

This chapter compared for the first time the downstream processing including 

cell harvest by centrifugation and cell disruption by ultrasonication of two P. 

tricornutum morphotypes: fusiform and oval, and assessed their relative 

robustness during these bioprocesses. The employment of ultra scale-down 

(USD) techniques based on a high-speed rotating disc shear device and a 

focused acoustic ultrasonicator provided important insights into the large-

scale centrifugation and cell disruption processes. From the USD 

centrifugation, it was predicted that a high clarification efficiency (>93%) 

without evident cell damage could be obtained for both fusiform and oval P. 

tricornutum cells when using either a hermetically or a non-hermetically 

sealed disc-stack centrifuge operating over a range of flow rates (Q/S 

≤5.4x10-8 m s-1 ). Both fusiform and oval morphotypes demonstrated 

robustness against the applied shear conditions (a maximum energy 

dissipation rate of ≤5.3x105 W kg-1) without significant cell damage and 

protein release observed. However, fusiform cell cultures appeared more 

shear sensitive than pure oval cell cultures, displaying a reduced clarification 

efficiency and a larger change in particle size with shear stress due to the 

disruption of shear-sensitive cell aggregation. 

Interesting results were obtained with regard to the cell disruption of fusiform 

and oval P. tricornutum morphotypes using the focused acoustic 

ultrasonication method. The impact of sonication time on cell rupture 

efficiency was described through measurement of cell breakage, released 

protein and particle size distribution. It was found that oval cells were much 

more robust, requiring a longer sonication time for complete cell rupture 

compared to fusiform cells. With approximately 1.5 g L-1 cells loaded, 40 s 

was required for the fusiform morphotype to reach a cell breakage level of 

above 90% while more than 4 min was needed for the oval form to achieve a 

comparable cell disruption level. This work provides new insights into the 

impact of cell morphotype on early recovery stages of P. tricornutum 

downstream bioprocessing. P. tricornutum is currently under development as 

an expression host for therapeutic proteins, bioplastics, etc. The findings 
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might offer significant implications for upstream cultivation strategies and 

downstream bioprocessing to optimise the manufacture of different classes of 

products in P. tricornutum with diverse morphotypes. 
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6 Conclusions and future work  

6.1 Conclusions  

In this thesis, a medium called Mann and Myers’ medium was first identified 

as eliciting significant cell morphotype conversion from fusiform to oval in P. 

tricornutum. After five subculturing treatments in liquid M & M medium 

representing a cultivation period of approximately four months, oval cells 

were enriched reaching 90.8% and 99.9% in cultures of Pt1 8.6 and Pt4 

respectively. The oval morphotype could be well-maintained in liquid M & M 

medium under the constant shaking condition, allowing high cell 

concentration and dry biomass yield to be achieved. The reversibility of this 

morphological change was also investigated by growing the obtained stable 

oval cells back in f/2 medium. It turned out that the cell morphotype 

conversion induced by M & M medium was reversible in Pt1 8.6 and might be 

irreversible in Pt4 under the tested conditions. This is the first report 

indicating that M & M medium could trigger cell morphological change to oval 

in P. tricornutum. 

The following exploration on factors affecting morphotype change of P. 

tricornutum was performed by modifying f/2 medium to the components of M 

& M medium. It indicated that a single modification of low salinity, addition of 

Tris, increased concentration of nitrate or phosphate, M & M trace elements 

or omission of vitamins had no significant influence on cell morphotype of 

both Pt1 8.6 and Pt4 after two successive transfers lasting for 55 days. The 

addition of Tris in f/2 medium led to apparent cell aggregation in Pt1 8.6. 

Interestingly, an evident increase of oval cells to 72.5% was observed in Pt1 

8.6 grown in a modified f/2 medium with increased nitrate and phosphate 

content and Tris addition (N P T) after two subculturing treatments, while Pt4 

was not significantly affected. 

The obtainment of stable oval cells enables us to characterise the bioproduct 

accumulation in them compared to fusiform cells to have a systematic 

analysis of biochemical composition in different P. tricornutum morphotypes. 
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It was found that fusiform P. tricornutum cells grown in f/2 medium were a 

potential feedstock for biodiesel and bioethanol production as lipid and 

carbohydrate, particularly neutral lipid and glucose, were significantly 

accumulated over 21 days cultivation. By contrast, pigments, particularly 

fucoxanthin and chlorophyll a, were markedly accumulated in oval P. 

tricornutum cultures gown in M & M medium under the tested conditions. 

Meanwhile, higher protein content (% DW) was obtained in oval cell cultures 

than in fusiform cell cultures. Additionally, both fusiform and oval cells can be 

used for EPA production. By characterising the different product 

accumulation in different cell morphotypes maintained in their respective 

culture medium, this work provides implications for the bioprocess design of 

P. tricornutum in terms of cultivation and harvest time. Noteworthy, higher 

amount of mannose (% DW) was observed from oval cells than from fusiform 

cells, implying the possible differences in cell wall between them. 

The initial steps of downstream processing of fusiform and oval morphotypes 

were further investigated using ultra scale-down (USD) approaches. The 

USD centrifugation indicated that a high cell recovery efficiency (>93%) 

without evident cell damage could be obtained for both morphotypes when 

using either a hermetically or a non-hermetically sealed disc-stack centrifuge 

operating over a range of flow rates (Q/S ≤5.4x10-8 m s-1). Moreover, cell 

disruption analysis by focused acoustics demonstrated that oval cells were 

much more robust, requiring a longer treatment time for complete cell rupture 

than fusiform cells. This work reported for the first time the downstream 

processing including cell harvest by centrifugation and cell disruption by 

ultrasonication of different P. tricornutum morphotypes. These findings in this 

thesis provided significant implications for upstream cultivation strategies and 

downstream bioprocessing to optimise the manufacture of different classes of 

products in P. tricornutum with diverse morphotypes for industrial 

biotechnology. 
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6.2 Future work  

Short-term future work 

In this thesis, Mann and Myers’ medium has been found to trigger significant 

cell morphotype conversion from fusiform to oval in strains Pt1 8.6 and Pt4. 

This is a novel way to regulate cell morphology of P. tricornutum. It would be 

interesting to apply this method to other P. tricornutum strains to verify its 

universality. A preliminary investigation has been carried out in this thesis to 

identify the factors inducing the morphological change of P. tricornutum 

grown in M & M medium. Although f/2 medium with increased nitrate and 

phosphate content and Tris addition was found to trigger evident morphotype 

change to oval in Pt1 8.6, this was not observed in Pt4. The specific 

conditional reasons capable of initiating oval cell production still remain 

unknown. Further systematic studies such as nutrient analysis remaining in 

the medium are required to address this. In addition, investigation on 

dynamics of bacterial community symbiotic with P. tricornutum by DNA 

sequencing or OMICs techniques (e.g. transcriptomics, proteomics) might 

provide an insight into the role of bacteria on morphotype, growth and biofilm 

formation of P. tricornutum. 

The oval morphotype could be enriched and well-maintained in liquid M & M 

medium under the constant shaking condition, reaching high dry biomass 

concentration over 21 days cultivation. The biochemical profiles including 

pigment, protein, lipid and carbohydrate in oval cells were also examined 

over culture time. However, stationary phase was not reached after 21 days 

cultivation and culture time was shown to have little impact on biochemical 

composition in ovals. Furthermore, the highest biomass concentration 

obtained in this thesis for oval cells was much lower than that reported for P. 

tricornutum grown in the same medium with 1% CO2-enriched air supply. 

This indicates that there is still the space for further improvement in the 

overall biomass and classes of product yields from oval cells through 

optimisation of cultivation parameters such as inorganic carbon supply and 

light. This would be very useful for scale-up bioprocess design and for 
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understanding the biochemical changes in oval cells during a whole growth 

cycle.  

Finally, the initial steps of downstream bioprocessing were characterised for 

fusiform and oval morphotypes. Cell recovery using a disc-stack centrifuge 

with different feed zones was predicted in this study with the USD 

centrifugation method. Large scale verification of the results may be required. 

Higher levels of shear stress (e.g. 12x105 W kg-1) over a wider range of Q/S 

ratio (e.g. 10-7 m s-1) to mimic other types of industrial centrifuges operating 

at diverse flow rates could be applied to assess the shear sensitivity and 

recovery efficiency of the two morphotypes. In addition, solid discharge from 

industrial centrifuges could produce an additional cell damage. The impact of 

discharge on cells can be investigated using the capillary shear device and 

verified at scale. Flocculation prior to centrifugation is commonly used for 

microalgal cell harvest. It may be interesting to know the impact of shear 

stress occurring in centrifugation on flocs of P. tricornutum morphotypes. The 

focused acoustic disruption at microscale was used in this thesis to 

investigate the rupture of P. tricornutum morphotypes. Oval cells were found 

to be harder to break compared with fusiform cells. This USD method has 

been successfully used to mimic high-pressure homogenisation. Thus, high-

pressure homogeniser may be used in the future to confirm the obtained 

results. Optimisation of disruption method and conditions is needed for the 

two cell morphotypes considering the end product for specific applications. 

Long-term future work 

An aim for future studies would be to investigate scale-up of cultivation. This 

study has shown that oval and fusiform cells could be maintained in different 

culture media with diverse product accumulation. A preliminary scale-up 

cultivation in hanging plastic bags under aeration was conducted with Pt4 

(Appendix, Figure A-2, A-3 & Table A-1). Microscopic examination confirmed 

that Pt4 cells grown in M & M medium displayed the oval morphotype (data 

not shown). However, since aeration and mixing were not optimised, cells, 

particularly oval cells were observed to accumulate in the bottom corners of 
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the bags. Therefore, a larger, more systematic study on the mechanism of 

scale-up with the two morphotypes will need to take into account reactor 

geometric design like “V” shaped bottom and fluid flow as well as illumination 

and medium nutrient design. Exploration of scale-up cultivation for natural 

product formation in the two morphotypes of cells would be necessary for 

practical application of P. tricornutum in industry. It would also be interesting 

to check if the obtained oval cells could be well-maintained during large-scale 

cultivation, and can this technique be applied in batch, fed-batch or 

continuous mode. In order to reduce the footprint of algal operations, it could 

be advantageous to move towards continuous cultivation. This may also 

have other benefits, including keeping algal cultures in steady state (Henley, 

2019). Such experiments will also enable a greater understanding of the 

physiology of oval versus fusiform cultures. 

As detailed in Chapter 1, P. tricornutum is a model organism for synthetic 

biology and a promising host for recombinant protein expression due to the 

advanced genetic toolkit available. Successful genetic transformation of 

fusiform and oval morphotypes has been reported using the biolistic method, 

and metabolic engineering approaches have been tested to improve yields of 

desired lipid classes. It would therefore be useful to explore the expression of 

recombinant proteins in the two cell morphotypes to evaluate and compare 

product yields. Factorial or Design of Experiments approaches might be used 

to examine the interplay of physical and biological factors, as well as the role 

of media design. For instance, this may enable a biorefinery approach by 

improving yields of EPA and fucoxanthin.  

In terms of recombinant protein expression, algal synthetic biology is still at a 

nascent stage. One growing area of interest is whole cell or edible vaccines 

where the host cell encapsulates the product and enables delivery to the 

harsh gastric environment. Successful production of vaccines has been 

achieved in Chlamydomonas reinhardtii (Taunt et al., 2018), however scale-

up poses a significant challenge. As shown in Chapter 5, P. tricornutum oval 

morphotype was more resistant to mechanical forces. This might be 

advantageous for two reasons. Firstly, it enables the use of centrifugation 
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and may make cells more resilient to spray drying. Previous studies have 

relied on lyophilised cells, however this is too expensive for applications such 

as aquaculture (Kwon et al., 2019). Secondly, a more resilient morphotype 

may be valuable for transport to the correct part of the digestive system. For 

instance, in some species of commercially farmed fish, it is necessary to 

protect the antigen from digestion in the stomach and foregut (Embregts and 

Forlenza, 2016). 

Oval cells are known to secrete and be coated with exopolymeric substances 

(EPS) involving in cell adhesion and motility. EPS contain diverse 

biopolymers possessing multiple bioactivities and thus have high-value 

medical applications (Xiao and Zheng, 2016). Therefore, large-scale 

cultivation of the EPS producing oval morphotype of P. tricornutum could be 

examined for EPS properties. Another interesting application of EPS is the 

aggregation and capture of microplastic waste, which has been shown in 

other species to be able to flocculate small particles. Given the salinity 

tolerance of P. tricornutum, demonstrated in Chapter 3, this could be a robust 

organism to explore for wastewater treatment. Finally, oval P. tricornutum 

cells might be cultivated in the future to investigate EPS production for biofilm 

formation to gain some insights into diatom biofouling processes.  

Predicting the commercial viability and sustainability credentials of a 

biorefinery based on P. tricornutum will rely on a detailed economic and 

environmental evaluation as well as life cycle assessment. For example, life 

cycle assessment of EPA production from P. tricornutum at pilot scale 

showed that significant environmental improvements could be achieved when 

sodium nitrate was substituted by nitrogen-based fertilizers such as urea, 

calcium nitrate or ammonium nitrate (Perez-Lopez et al., 2014). By 

conducting a thorough investigation of media components and uptake of 

nutrients by different morphotypes, it may be possible to reduce the amount 

of some components like Tris required. Building on the findings presented 

here, further elucidation of the key factors controlling cell morphotype could 

enable a move away from a system that is based on M & M medium. 

Reducing process inputs upstream may lead to gains both in economic terms 
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as well as environmental footprint. The tendency of oval morphotype cells to 

sink may expedite harvesting and dewatering, thus reducing energy input. 

Novel strategies to make use of this property could be compared with a 

decisional support tool. 

This study revealed the morphological and biochemical responses of P. 

tricornutum to M & M medium. However, the molecular mechanisms behind 

the observed phenomena remain unclear. It will be interesting to study the 

differential gene expression involved in pleiomorphism and morphogenesis in 

acclimation to new environment. Furthermore, only oval cells can form 

siliceous frustule and possess a raphe. Techniques like quantitative reverse 

transcription polymerase chain reaction (qRT-PCR), OMICs, isotope labelling 

and epigenetics could be employed to explore the genetic mechanisms of 

morphogenesis, frustule silicification, raphe formation and EPS synthesis. 

This would be important for better understanding of diatom biology and gene 

function and would provide molecular insights into the resilience of diatoms 

and their ecological success in global oceans.  
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Appendix 

Example sigma calculation 

In Chapter 5, an Eppendorf centrifuge 5424/5424R equipped with a 1.5/2.0 

mL 24-place rotor (FA-45-24-11) was used for the clarification study. The 

variables and constants for this bench-top centrifuge are as follows: 

VUSD (mL) 2.0 

R1 (mm) 48 

R2 (mm) 68 

Acceleration time (s) 15 

Deceleration time (s) 16 

 

Example calculation (centrifuged at 10,000 rpm for 6 min): 

𝜔 = 2𝜋𝑁 =
2 × 𝜋 × 10000	𝑟𝑝𝑚

60	𝑠	𝑚𝑖𝑛&' = 1047.198	𝑟𝑎𝑑	𝑠&' 

𝑥 =
15	𝑠

6 × 60	𝑠 = 0.0417 

𝑦 =
16	𝑠

6 × 60	𝑠 = 0.0444 

3 − 2𝑥 − 2𝑦 = 3 − 2 × 0.0417 − 2 × 0.0444 = 2.828 

𝛴$%& =
𝑉$%&𝜔'(3 − 2𝑥 − 2𝑦)

6𝑔𝑙𝑛 0 '(!
(!)	("

1
=
(2.0 × 10+,	𝑚-) × (1047.2	𝑟𝑎𝑑	𝑠+.)' × 2.828

6 × (9.81	𝑚	𝑠+') × ln( '×0.0,2	3
0.0,2	3)0.042	3

)
= 0.648	𝑚' 

𝑉()*
𝐶()*𝑡()*𝛴()*

=
2.0 × 10&+	𝑚,

1 × 6 × 60	𝑠 × 0.648	𝑚- = 0.86 × 10&.	𝑚	𝑠&' 
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Figure A-1 Calibration curves of dry biomass concentration versus OD750 
readings for P. tricornutum. 

Calibration curves for fusiform (F) cell cultures grown in f/2 medium or oval (O) cell 

cultures grown in M & M medium of Pt1 8.6 (A) and Pt4 (B). Symbols are shown as 

mean ± one standard deviation from three biological replicates. Lines represent the 

trendline of best fit for each data set with the equation and R2 value shown. 
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Scale-up cultivation with hanging bags 

 
Figure A-2 Scale-up cultivation of Pt4 in hanging plastic bags. 

A preliminary test for scale-up cultivation of fusiform (F) cells grown in f/2 medium or 
oval (O) cells grown in M & M medium of Pt4. Cultures were grown in hanging 
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plastic (polythene) bags with the working volume of 5 L at room temperature under 
continuous illumination at 100-200 μmol photons m-2 s-1 from three LED panels and 
aeration at 0.8-1.2 L min-1. Cells were observed to accumulate in the bottom corners 
of the bags as mixing was not optimal and some ghost cells were observed under 
microscopy.  

 
Figure A-3 Growth profiles of Pt4 from scale-up cultivation in hanging bags. 

Growth curves measured by OD750 (A) or cell density (B) for fusiform cell cultures 
grown in f/2 medium or oval cell cultures grown in M & M medium of Pt4 (Figure A-
2). Data are shown as mean ± one standard deviation from three biological 
replicates. Microscopic examination showed that Pt4 cells grown in M & M medium 
in hanging bags displayed the oval morphotype (Data not shown). 

Table A-1 Dry biomass concentration, maximum specific growth rate and 
doubling time of fusiform (F) and oval (O) Pt4 cultures. 

 DW (g L-1) Maximum specific 
growth rate (d-1) Doubling time (d) 

Pt4-F 0.40±0.02 1.08±0.02 0.64±0.01 

Pt4-O 0.26±0.02 1.09±0.16 0.65±0.10 
Data are shown as mean ± one standard deviation from three biological replicates. 
Dry biomass concentration (DW) was measured on day 10. 
All cultures were grown in hanging bags (Figure A-2) with the working volume of 5 L. 
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