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Abstract 
 

Microalgae offer a means of fixing atmospheric CO2, thus providing realistic 

reductions in carbon emissions and producing valuable compounds and chemical precursors 

of high value.  Phaeodactylum tricornutum is a well characterised model diatom and has been 

exploited commercially for single products; the nutraceuticals eicosapentaenoic acid (EPA) 

(omega-3 fatty acid for maintaining cardiovascular health), fucoxanthin (pigment for weight 

loss, antioxidant, and anticancer compound), and as a live feed additive for aquaculture.  

Natural pathways exist for the production of EPA and fucoxanthin in P. tricornutum but 

biomass and product yields are low.  The aim of this thesis was to utilise a biorefinery approach 

with the model diatom, P. tricornutum CCAP 1055/1, for the production of multiple products 

of interest; particularly fucoxanthin, EPA, and protein using non-GMO methods, to enable 

economic viability.  In this thesis, the concept of P. tricornutum as a cell factory and 

biorefinery chassis along with the challenges to overcome have been discussed.   

A cost-effective powdered media formulation (JWP) was revealed to involve low 

preparation time and outperformed conventional liquid f/2 medium.  JWP resulted in a higher 

biomass productivity and fucoxanthin, EPA, and protein yield.  JWP was subsequently used 

for cultivation of P. tricornutum indoors and outdoors (8-18°C) in a prototype airlift 

photobioreactor (PhycoLift) using a repeated fed-batch approach.  Indoor cultivation resulted 

in a higher biomass and fucoxanthin yield (with a higher average protein, chlorophyll a, and 

fucoxanthin content). Outdoor cultivation resulted in a higher protein, carbohydrate, total fatty 

acid (TFA), and EPA productivity (with a higher TFA, EPA, and carbohydrate content).  EPA 

content was found to be inversely correlated with temperature.  Commensal bacteria 

(Marinobacter sp. and Halomonas sp.) were isolated from the cultures and identified. The 

total bacteria count showed a sinusoidal growth profile, and it was apparent that Halomonas 

predominated at low algae densities, but at higher algae densities there was a community shift 

to Marinobacter.  EPA secretion into the extracellular matrix has been hypothesised as a 

bacterial control agent, but this was not observed in the present study.   

A high throughput flask screening approach was used to optimise product yields, 

particularly fucoxanthin and EPA using f/2 medium as a baseline. A culture medium 
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consisting of nitrate and phosphate at 4.41 mM and 0.18 mM (5-fold those employed in the 

traditional f/2 medium), salinity at 33 %, 2 % CO2 (v/v in air), and a transition to mixotrophy 

using glycerol (0.01 M) were found to result in increased biomass (0.20 g L-1 d- 1), fucoxanthin 

(1.78 mg L-1 d-1), EPA (7.54 mg L-1 d-1), and protein yields (15.65 mg L-1 d-1), up to ten-fold 

higher than the f/2 control medium. 

Harvesting algae biomass from suspended cultures is a major bottleneck industrially 

and can account for up to 30 % of the production cost. A series of biobased flocculants were 

examined and a tannic acid-based derivative was found to flocculate the algal biomass 

effectively within 10 minutes, resulting in a high harvesting efficiency (>85 %), and a 

concentration factor ≥5.6, with promising economic potential for wider usage (cost savings of 

>US $61 ton-1 biomass compared with chemical and other biobased flocculants. 

Finally, three different P. tricornutum strains; CCAP 1055/1, UTEX 646 and a 

commercial strain - N017 (Necton, Portugal) were screened to determine the influence of 

strain on product yields cultivated in brackish seawater.  It was identified that P. tricornutum 

UTEX 646 resulted in the highest biomass productivity and highest EPA, TFA, protein, and 

carbohydrate yield.  Whereas, the P. tricornutum N017 strain had the highest fucoxanthin 

productivity. Warm white light emitting diodes (LEDs) resulted in a higher biomass 

productivity, fucoxanthin, and carbohydrate yield, but a lower EPA, TFA, and protein yield 

compared with red: blue LEDs (2.25:1).  The bacterial community composition was found to 

be similar under white and red: blue LEDs.  Marinobacter sp. was present in all strains and 

dominated at most stages of cultivation indicating a commensal relationship.  Halomonas sp. 

was only present in P. tricornutum CCAP 1055/1 and the P. tricornutum N017 strain.  

Algoriphagus sp. was only present in P. tricornutum CCAP 1055/1 and was low in number.  

Comparatively, Sphingorhabdus and Croceibacter spp. were present in the commercial P. 

tricornutum N017 strain.  The total bacterial count was observed to be lower under red: blue 

LEDs for all three strains over the cultivation period, which may reveal potential to reduce 

bacterial loading.   

In summary, UK outdoor cultivation under cold conditions utilising a biorefinery 

approach has been demonstrated to be feasible with an airlift PBR (Phycolift), but further 

improvements are needed for economic viability; a commercially viable and environmentally 
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friendly solution to harvesting biomass using a biobased flocculant has been demonstrated;   

simple culture condition manipulation using a high-throughput standardised flask screening 

setup has been showcased to improve biomass, EPA, fucoxanthin, and protein yields; and 

commensal bacteria have been isolated and characterised.  This thesis has real commercial 

application to rapidly screen treatments for elevating biomass and product yield, whilst 

decreasing the time taken for harvesting at reduced cost, for example, the production of 

fucoxanthin, and a depigmented by-product as an aquaculture additive. 
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Chapter 1: General introduction 
 

1.1. Microalgae as a sustainable biobased feedstock 
 

To transition from a petro-based to a biobased economy requires the capacity to 

produce both high-value low-volume (e.g. speciality pigments and recombinant antibodies), 

as well as low-value high volume products (omega-3 fatty acids, biofuels, bioplastics, whole 

cell biomass for food/feed). Recent trends have highlighted the potential for developing 

microalgae-based cell factories, to establish environmentally sustainable manufacturing 

solutions. Microalgae are photosynthetic organisms that possess the machinery to produce 

high-value phytochemicals, and have the capacity to utilise carbon dioxide as a feedstock, and 

remediate wastewater components such as nitrate, phosphate and pharmaceutical 

contaminants (Xiong et al., 2018). Compared to plant cells, microalgae can be relatively quick 

to grow (several hours to a day for a single doubling), and can be harvested daily, offering a 

more economically viable processing alternative. Their ability to grow in a multitude of niches 

including marginal land, desert land, brackish water or the open ocean, prevents soil 

degradation and reduces freshwater consumption compared with traditional crops.  

Industrial scale cultivation for commercial manufacturing has largely been focussed 

on harnessing the natural capabilities of selected species for single products, such as ß-

carotene from Dunaliella salina, phycocyanin from Arthrospira spp., and astaxanthin from 

Haematococcus pluvialis.  Alternatively, other industries have utilised the whole biomass as 

a live feed for aquaculture hatcheries but the production process is not profitable.  The five 

most important microalgae in terms of annual biomass production (>29 tonnes per annum 

valued at >US $650 million) are Spirulina (Arthrospira), Chlorella, Dunaliella, 

Haematococcus and Nannochloropsis with biomass values of US $13-120 kg-1 (Olaizola and 

Grewe, 2019).  The reference cost price for a 25 m2 system of microalgae biomass in 

aquaculture hatcheries (on a dry matter content) is €290 kg−1 and €329 kg−1 for tubular 

photobioreactors under artificial light and a greenhouse, respectively (Oostlander et al., 2020), 
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but dewatering (i.e. centrifugation or membrane filtration) and drying (e.g. spray drying) was 

not taken into account in this cost assessment, revealing that the cost of production is likely an 

underestimate.  To date the production of bulk commodities from microalgae is not 

economically viable but it has been shown that large-scale cultivation in the south of Spain is 

around 3.4 euros kg-1 dry weight (flat-panel photobioreactors at 100 ha scale) with downstream 

processing costs of 0.9-1.1 euros kg-1 DW (resultant revenue of 0.3-2 euros kg DW-1) 

demonstrating that significant steps need to be taken before production of bulk commodities 

from microalgae is economically viable, especially in small-scale operations (<5 hectares).  

Adopting a biorefinery approach with microalgae has yet to be commercially validated.  In a 

biorefinery approach multiple products of interest are produced from biomass to add value to 

the process compared to a conventional single product approach.  Whilst several microalgae 

are at various stages of development as cell factories, there is a growing body of knowledge 

on the pennate diatom, Phaedactylum tricornutum (P. tricornutum), and its development as a 

microalgae cell chassis. 

 

1.2.The marine diatom - Phaeodactylum tricornutum 
 

Phaeodactylum tricornutum is a model diatom found in marine ecosystems which is 

cultivated industrially for high value products; fucoxanthin (AlgaTechnologies, Israel) and 

eicosapenatenoic acid (EPA) (Simris, Sweden).  P. tricornutum is a potential biorefinery 

chassis which can be exploited for a range of natural products with market potential including 

high value products such as nutraceuticals (fucoxanthin) and lower value products (EPA, 

protein, and chrysolaminarin) for animal and aquaculture feed, via sequential extraction 

(Butler et al., 2020).  P. tricornutum also has potential for docasahexaenoic acid, biodiesel, 

and genetically engineered products (recombinant antibodies and bioplastics) (Butler et al., 

2020).  It is a commercially viable species, and is cultivated industrially by at least eight 

companies in Europe (eicosapentaenoic acid, whole cell biomass for aquafeed, and extracts 

for cosmetics) with an estimated annual production of four tonnes of dry biomass (Araújo and 

García-tasende, 2021).  
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In diatoms, fucoxanthin is one of the primary light harvesting pigments (along with 

chlorophyll a and c in the fucoxanthin-chlorophyll protein (FCP) complex in the chloroplast 

which traps light energy, plays an important role in non-photochemical quenching (NPQ), and 

offers photoprotection (Wang et al., 2018; Yang and Wei, 2020).  P. tricornutum typically 

exhibits a content between 1.0-2.6 % DW (Derwenskus et al., 2020a).  Fucoxanthin has a 

range of health benefits (animal and human trials) including anti-inflammatory, anti-tumour, 

anti-obesity, antimalarial and anti-diabetes (Bae et al., 2020).  In 2016, global fucoxanthin 

production was approximately 500 tons (primarily from macroalgae - brown seaweeds) and 

the market appeared to have grown at an annual rate of 5.3 % to 2021 (Gao et al., 2020).  The 

selling price is estimated at US $175 kg-1 for biomass containing 1 % fucoxanthin (Leu & 

Boussiba, 2014) and US $0.20-0.74 in capsular/softgel form (Timmermans, 2017; Wu et al., 

2016).  To date only one company (AlgaTechnologies, Israel) is producing fucoxanthin 

(FucoVitalTM) from P. tricornutum profitably for liver health.  Other examples of commercial 

fucoxanthin are from macroalgae e.g. Solaray Fucoxanthin Special Formula® and fücoTHIN® 

from Garden of Life.   

EPA is an essential omega-3 fatty acid for human nutrition with the recommended 

daily intake (RDI) of 250 mg each day (Ryckebosch et al., 2014).  EPA is a precursor for 

signalling molecules such as eicosanoids and has defined benefits in cardiovascular health, 

cancer treatment, and for numerous mental health diseases (Deckelbaum & Torrejon, 2012; 

Oscarsson & Hurt-Camejo, 2017).  EPA is currently mainly derived from fish oil (and to some 

extent krill oil) and to meet the RDI 0.8 g of fish oil must be consumed daily by humans, 

whereas for microalgae the daily intake would range from 1.3-12.5 g oil day-1 (Ryckebosch et 

al., 2014).  The market size for EPA is US $300 million and the selling price is US $200-500 

kg-1 (Alam et al., 2020).  EPA is highly dependent on the strain, PBR system and cultivation 

conditions and can range from 3.1-5 % DW without using GMO methods (Derwenskus et al., 

2020).  Currently only Simris (Sweden) is producing a commercial EPA product from P. 

tricornutum.  However, other microalgae such as Nannochloropsis spp. are used for EPA algal 

oil products e.g. Vegan True®, Non-Fish Omega-3s from Source Naturals® and iWi®. 

Chrysolaminarin is the carbohydrate stored in the vacuole that exhibits antitumour, 

antioxidant, and immunomodulatory capacities, but as yet has not been commercially 
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exploited (Yang et al., 2020).  Examples of genetically engineered products include bioplastics 

and recombinant antibodies such as monoclonal antibodies against Hepatitis A and the 

Marburg virus (Hempel et al., 2017; Hempel and Maier, 2016).  The bacterial (Ralstonia 

eutropha) poly-3-hydroxybutyrate (PHB) pathway has been introduced into P. tricornutum 

which resulted in 10.6 % DW PHB (forming granule-like structures in the cytosol) and has 

revealed the potential of P. tricornutum for biodegradable bioplastics to be used as part of the 

biobased economy to replace >140 million tons of plastic consumed worldwide (Hempel et 

al., 2011a).   

P. tricornutum is perhaps the most well characterised diatom (Sethi et al., 2020).  

Overall, P. tricornutum could be an important microalgae candidate as a diatom cell factory 

attributable to its biochemical composition (fucoxanthin, EPA, essential amino acids and 

minerals), robust growth in mass culture systems, tolerance of low-light levels and high pH, 

the ability to grow without silicate (making media formulation simpler and more economical), 

and the well characterised genome and engineering tools available. In outdoor mass cultivation 

the typical profile of P. tricornutum is 26 % carbohydrate, 0.5 % carotenoids, 2 % chlorophyll, 

36 % protein and 18 % lipid (Rebolloso-Fuentes et al., 2001) but this depends on the strain 

used and the cultivation conditions.  Before P. tricornutum can become a commercial reality 

as a biorefinery chassis for high-value (fucoxanthin) and bulk products (ingredients for 

aquaculture/animal feed, functional food for humans, bioplastics and biofuels), both upstream 

and downstream developments need to be made for commercial development.   

 

1.3. Challenges in implementing P. tricornutum as a cell 

factory 
 

Through minimising the costs of production of the entire process (upstream and 

downstream), the feasibility of P. tricornutum as a biorefinery organism for fucoxanthin and 

aquaculture feed could become commercially viable by 2025.  Novel downstream processing 

methods should incorporate a wet process (omitting the drying step) for a reduction in costs 

and require methods that are easily scalable with lower capital and operating costs.  Currently 
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the cost of harvesting is up to 30 % of the total cost of production (Van Haver and Nayar, 

2017).  Mild wet extraction techniques (to avoid drying) are required that do not result in 

damage to the products; particularly proteins which are vulnerable to denaturation and 

carotenoids which can easily be degraded and change their stereochemistry. 

 

1.3.1. Upstream – process optimisation 

Currently the biomass productivity and product yields of P. tricornutum are low 

compared with other cell chassis’ such as bacteria and yeast.  Current photoautotrophic 

biomass productivity levels are lower by two orders of magnitude and need to be improved to 

compete with heterotrophic cell chassis.  An emphasis on process conditions such as media 

optimisation, temperature and light, have been investigated to improve product yields such as 

EPA and fucoxanthin, but utilising a single product approach. For the purpose of this thesis, 

the importance of macronutrients (nitrate and phosphate), salinity, and carbon source 

(bicarbonate, CO2 and glycerol) on biomass productivity and product yields will be 

emphasised exploring a biorefinery approach.  Indoor and outdoor cultivation will be 

compared in an airlift PBR for determining the feasibility of a biorefinery (fucoxanthin, EPA, 

protein and carbohydrate) using a fed-batch approach.   

 

1.3.2. Downstream  

Biomass harvesting can represent up to 30 % of the microalgal production cost in 

suspended cultures.  Centrifugation is adopted in the microalgal industry for high value 

products but is not economically viable for bulk ingredients.  Comparatively, flocculation 

appears to be an inexpensive and effective method for harvesting P. tricornutum.  However, 

current flocculation methods are either toxic (e.g., aluminium as a chemical flocculant) or 

expensive (chitosan).  This work aimed at understanding the following questions. Can auto-

flocculation be induced without adding chemicals?  Alternatively, could bio-flocculation 

present a different, sustainable approach?  It would then be interesting to adopt a wet approach 

for the sequential extraction of several products of interest.   
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1.4. Goal of the thesis 
 

In this thesis, the aim was to understand how to increase biomass and product yields 

for the development of a biorefinery process using P. tricornutum CCAP 1055/1 for multiple 

products; primarily fucoxanthin (as a weight loss supplement), and biomass rich in EPA, 

protein and carbohydrate for aquafeed.  Both upstream (low biomass and product yields) and 

downstream challenges (low-cost harvesting) are addressed to reduce the cost of production 

(Figure 1.1).     

 

Figure 1.1 - Bottlenecks to overcome for the exploitation of P. tricornutum for multiple products utilising 
a biorefinery approach.  
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1.5. Outline of the thesis 
The thesis will be outlined as below: 

 

 

 

The concept of P. tricornutum as a diatom cell factory and the challenges to overcome 

for a commercial biorefinery will be discussed in chapter 1.  In chapter 2 a commercially 

viable and time saving hydroponics fertiliser mix and powdered media formulations from 

Varicon Aqua Solutions will be compared with conventional f/2 medium for increased 

biomass, EPA, fucoxanthin, and protein yields.  P. tricornutum was cultivated indoors, and 

outdoors under cold conditions and low light in the UK using an airlift PBR (PhycoLift) in a 

repeated fed-batch operation.  The objectives were to observe differences in the biochemical 

composition and determine if there is a relationship between light/temperature and 

biochemical composition. Commensal bacteria in both indoor and outdoor settings were 

identified and monitored over the fed-batch cultivation period. In chapter 3 limitations in 

conventional f/2 medium will be discussed and an alternative media formulation will be 

proposed.  Further work was conducted on elevating product yields through cultivation 

condition manipulation.  In chapter 4 the high cost of harvesting will be reviewed and 

alternative biobased, environmentally friendly flocculants will be evaluated (harvesting 

efficiency, concentration factor, time, scalability, and economic viability) against traditional 

chemical flocculants.  In chapter 5 a strain screening investigation will be discussed to 

determine the importance of strain selection on biomass productivity and product yields.  

Red/blue light emitting diode (LED) lighting (as an alternative to warm white LEDs) was 

evaluated for improving biomass and product yields and for observing the effect on the 

commensal bacterial population.  Chapter 6 is a general discussion which provides an outlook 

of the proposed upstream and downstream improvements to P. tricornutum cultivation and 
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processing for industrial application.  Future bottlenecks to overcome and the steps required 

for reducing the cost of production are discussed to achieve the aim of developing an 

economically viable biorefinery production platform utilising P. tricornutum for multiple 

products and applications. 
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Chapter 2: Phaeodactylum tricornutum: a 

diatom cell factory  
 

This chapter is published as: 

Butler, T., Kapoore, R.V. and Vaidyanathan, S., 2020. Phaeodactylum tricornutum: a diatom cell 

factory. Trends in biotechnology, 38(6), pp.606-622. 
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2.1.  Abstract  
 

A switch from a petro-based to a bio-based economy requires the capacity to produce 

both high-value low-volume, as well as low-value high volume products.  Recent trends point 

to the case for developing microalgae based microbial cell factories, with the objective of 

establishing environmentally sustainable manufacturing solutions.  Diatoms display rich 

diversity and potential in this regard.  Here, we focus on Phaeodactylum tricornutum, a 

pennate diatom commonly found in marine ecosystems and discuss recent trends in developing 

the chassis for a suite of natural and genetically engineered products.  Both upstream and 

downstream developments are reviewed for the commercial development of P.  tricornutum 

as a cell factory for multiple products of interest.  

 

Keywords: Microbial chassis, biorefinery, EPA, fucoxanthin, biodiesel 
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2.2. Microalgae chassis in the biobased economy  
 

The growing world population is constantly placing increasing demands on available 

resources that need to be utilised in innovative and environmentally sustainable ways for 

providing us with food security, energy, and chemicals (Abel et al., 2016). A transition to the 

bio-based economy (see Glossary) from an environmentally unsustainable petroleum-based 

economy will require capacity to incorporate low-value, high volume productions, in addition 

to high-value low volume manufacturing, and remains a techno-economic challenge. 

Nevertheless, there is an increasing desire to create microbial cell factories that can address 

this capability. Microbial cell factory hosts have predominantly been proposed for high-value 

products, such as the production of recombinant vaccines and therapeutics for the prevention 

and treatment of diseases. Escherichia coli has often remained the choice for development as 

a microbial cell chassis, but eukaryotic platforms, such as Saccharomyces cerevisiae (Jouhten 

et al., 2016), Chinese hamster ovary (CHO) cell lines (Brown et al., 2019), and plants (Park 

and Wi, 2016) are also well developed. However, with the ever-increasing need to provide 

environmentally sustainable solutions to manufacturing that are also economically viable for 

a multitude of products including low-value high-volume products, alternative platforms with 

diverse capabilities are required. In this regard, microalgae offer alternative promise.  

Microalgae are photosynthetic organisms that possess the machinery to produce high-

value phytochemicals, and have the capacity to utilise carbon dioxide as a feedstock, 

potentially enabling economic and environmentally sustainable manufacturing solutions. 

Compared to plant cells, they can be relatively quick to grow (doubling times in hours 

typically, and biomass productivities in days as opposed to months or years for plants), can be 

grown on non-arable land with potential for reclamation of nutrients from waste resources 

(wastewaters and waste CO2 sources), offering higher process turnover and economically 

viable processing alternatives. Their ability to grow in a multitude of niches including 

marginal land, desert land, brackish water or the open ocean, not only offers effective resource 

utilisation, but also indicates an adaptive lifestyle with a diversity of metabolic capabilities 

that could be tapped into. Industrial scale cultivations for commercial manufacturing have 

largely focussed on harnessing the natural capabilities of selected species, such as ß-carotene 
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from Dunaliella salina, phycocyanin from Arthrospira spp., and astaxanthin from 

Haematococcus pluvialis. However, this trend is slowly changing. The genomes of >40 

microalgae species are now publically accessible and more are in the pipeline, with an 

increasing array of tools being developed to engineer metabolic pathways towards 

development of cell factories that are tractable and functionally diverse. There is a growing 

body of knowledge on the biochemical makeup, metabolic pathways and functional 

capabilities of a handful of species. However, given the vast diversity of microalgae, they still 

remain a largely untapped resource.  

Much of our knowledge on microalgae metabolism and tools development in a 

manufacturing context, in the recent years, has been driven by the need to develop microalgae 

for biofuel production.  Current consensus points towards a biorefinery concept in 

manufacturing, with multiple product streams (’t Lam et al., 2017; Gifuni et al., 2019; Markou 

and Nerantzis, 2013), especially for producing low-value high-volume products. Alternative 

product streams for productions from the same microalgae chassis will be needed.  In addition 

to harnessing the natural product spectrum from microalgae that include bioactives with 

nutraceutical and cosmeceutical properties, there is also a drive to develop engineered 

microalgae towards therapeutic protein production (Hempel et al., 2017; Specht and Mayfield, 

2014), bioplastic precursors (Hempel et al., 2011a) and plant terpenoids (Adamo et al., 2019). 

Moving forward, the challenge is in developing microalgae chassis to accommodate the 

biorefinery concept, for economically viable propositions that can harness potential 

environmental sustainability offered by using a microalgae chassis for biomanufacturing. 

Whilst several microalgae are at various stages of development as cell factories (Box 1), there 

is a growing body of knowledge on the pennate diatom, Phaedactylum tricornutum, and its 

development as a microalgae cell factory, which we discuss here. 

 

2.3. P. tricornutum – a well-studied diatom  
 

P. tricornutum is a model diatom (Box 2) that exhibits a complex sexual life cycle and 

is perhaps the most characterised of all diatoms so far. It is a robust laboratory species and can 
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be grown in a range of culture media. It is known to accumulate a spectrum of marketable 

products, and is a commercially viable species for large-scale cultivation (Table 1).  Its 

potential for being a suitable chassis can be attributed to its ability to grow in seawater, a 

tailored molecular toolbox, and the ability for multiple products of interest to be extracted 

sequentially (Remmers et al., 2018; W. Zhang et al., 2018).  In outdoor mass culture systems, 

it has been shown to dominate and outcompete other microalgae species with a tolerance for 

high pH and an ability to grow under low light (Remmers et al., 2017; Spilling et al., 2013).   

P. tricornutum has unique biology amongst diatoms (Box 3). Gene knockout tools 

have been developed (Serif et al., 2017; Weyman et al., 2015) and the genome can now be 

edited by CRISPR/Cas-9 for gene-targeted mutations (Nymark et al., 2016b; Slattery et al., 

2018; Stukenberg et al., 2018).  Advances in genetic knowledge of P. tricornutum has 

contributed to its development as a chassis for the production of non-native components, 

including polyhydroxybutyrates (PHBs) for bioplastics (Hempel et al., 2011a), monoclonal 

antibodies (Hempel et al., 2017) and plant triterpenoids, which are not endogenous to the 

organism (Adamo et al., 2019) and levels of DHA which are low in native strains have been 

elevated (Hamilton et al., 2015). 

The biochemical characteristics, robust growth in mass culture systems, tolerance of 

low-light levels and high pH, and the well characterised genome and engineering tools 

available suggest P. tricornutum could be an important microalgae candidate as a diatom cell 

factory.  For this platform organism to produce products of interest on a commercial scale, 

process optimisations based on developments upstream and downstream are essential. 

 

2.4. Cultivation of P. tricornutum  
 

Both indoor and outdoor settings in photobioreactors (PBRs) (tubular, column, flat-

panel, and proprietary types) and open (raceway) ponds have been used to cultivate 

P. tricornutum, with varying product yields and productivities (Table 1).  Flat-panel PBR 

configurations have shown improved biomass, EPA and fucoxanthin productivities, 

attributable to low shear stress and effective illumination (Guler et al., 2019). High energy 

requirement for temperature maintenance (Tredici et al., 2015) and temperature dependent loss 
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of biomass to photorespiration (Meiser et al., 2004) are challenges to address with the use of 

PBRs. Light is a major influencing factor in product accumulations. Current photosynthetic 

productivity in microalgae, in general, is lower than theoretically attainable levels in the 

photoautotrophic mode (Remmers et al., 2018). Light intensity (Heydarizadeh et al., 2017), 

wavelength (Jungandreas et al., 2014) and photoperiod (Sirisuk et al., 2018) are all known to 

have an influence on P. tricornutum metabolism and in turn affect productivities. In terms of 

product accumulations, low light intensities appear to favour the accumulation of fucoxanthin 

(Gómez-Loredo et al., 2016; McClure et al., 2018) and EPA (Acién Fernández et al., 2000), 

whilst higher light intensities appear to favour accumulation of storage components, 

chrysolaminarin (Wagner et al., 2016), and triacylglycerides (TAGs) (Huete-Ortega et al., 

2018), with degradation of synthesised chrysolaminarin in the dark (Wagner et al., 2016), 

under N-limitation. However, under nutrient rich conditions, TAG and EPA contents were 

found to be independent of the applied light intensity (Remmers et al., 2017).  

P. tricornutum is a successful photoautotroph but is also capable of mixotrophic 

growth on glucose, acetate, fructose and glycerol. Based on various reports, glycerol appears 

to be the most suitable organic carbon source for mixotrophic growth, resulting in the highest 

biomass and EPA productivities to date (Table 1), but it has not been explored for other 

products of interest. Mixotrophy with glycerol mimics typical responses with nitrogen 

limitation resulting in increases in triacylglycerides but there are also resultant increases in 

biomass without loss of photosynthetic capacity of the cell (Villanova et al., 2017).   

Nitrogen and phosphorus limitations have been successfully used to alter product 

accumulations in P. tricornutum (Abida et al., 2015; Alipanah et al., 2018, 2015; Brembu et 

al., 2017; Huete-Ortega et al., 2018), and silicon is known to be a non-obligatory requirement 

for growth of the organism, although it may have a positive influence on some growth 

processes as found under low temperature and green light (Zhao et al., 2014), so can also be 

used to alter product accumulation (Brembu et al., 2017). Whilst nitrate is a commonly 

examined nitrogen substrate, a switch to ammonium can lead to increased lipid productivity 

(Huete-Ortega et al., 2018), and encouraging environmental benefits could be attained by 

switching to urea, or ammonium nitrate (Pérez-López et al., 2014), in large scale cultivations.  
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It is anticipated that developments in PBR configuration, lighting, media formulation, 

carbon assimilation/utilisation, in combination with bioprospecting can result in significantly 

increased biomass and product yields.  However, to elevate intrinsic yields, upstream 

developments through the manipulation of product pathways may be required. 

 

2.5. Upstream developments  
 

Toolkits for a tractable chassis 

Domestication of microalgae is often hindered by the absence of controllable sexual 

cycles that would allow combining desirable traits and the removal of unwanted alleles. To 

date, in microalgae, the genetic toolkits developed for P. tricornutum is one of the most 

advanced, and both nuclear (Kira et al., 2016) and chloroplast (Xie et al., 2014) 

transformations have been achieved. Identifying endogenous promoters, well mapped 

plasmids, antibiotics-free selection markers and successful modes of DNA delivery will not 

only enable developing an appropriate understanding of the chassis but also a tractable chassis 

fit for purpose. For the effective expression of recombinant proteins adapting DNA sequences 

to host specific codon usage whilst avoiding weakly translated codons is beneficial for protein 

translation, but as P. tricornutum possesses a typical GC-content of 48 %, this might be less 

critical and foreign genes and enzymes can be expressed without codon optimisation (Hempel 

and Maier, 2016; Yan et al., 2016). 

The pPhaT-1 plasmid has been the most frequently used vector and contains the sh-ble 

gene that confers resistance to antibiotics zeocin and phleomycin (Jeon et al., 2017). 

Alternatively, the pPhAP1 vector with an alkaline phosphatase promoter has been shown to 

be effective with enhanced green fluorescent protein (EGFP) expression at 9.3-10.5 times 

greater than other diatom vectors showcasing the potential of the vector in obtaining high 

yields of recombinant protein (Lin et al., 2017). In terms of promoters, the light regulated fcpA 

(LHCF1) and fcpB (LHCF2) promoters are the most frequently used but they are constrained 

by being light dependent and inactive in the dark (Nymark et al., 2013). A nitrate reductase 

(NR) promoter has been used in P. tricornutum, that is reportedly better than LHCF1 in green 
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fluorescent protein (GFP) expression (Chu et al., 2016).  The NR promoter inhibits 

transcription in ammonium, but this has been reported to be ‘leaky’(Chu et al., 2016). 

Alternatively, EF2 that encodes elongation factor 2 is a possible new constitutive promoter 

with higher expression than LHCF2 that is not significantly affected by light (Seo et al., 2015).  

Other endogenous promoters that have been shown to have good performance characteristics 

include the alkaline phosphatase promoter (Lin et al., 2017) and glutamine synthetase 

promoter (Erdene-Ochir et al., 2016). In addition, potential promoter regions identified from 

diatom-infecting-viruses (DIVs) have also been shown to function effectively (Kadono et al., 

2015). Constitutive promoters to express multiple target genes have also been recently 

demonstrated (Erdene-Ochir et al., 2016; Kadono et al., 2015; Seo et al., 2015). Introns can 

also be included in the expression cassette that contain transcriptional enhancers or sequences 

conferring enhanced mRNA stability or enhanced mRNA turnover.   

The availability of bacterial conjugation (Karas et al., 2015; Slattery et al., 2018) for 

economic genetic transformations provides a viable solution to the more expensive alternatives 

of biolistics and electroporation. In bacterial conjugation, DNA is replicated stably within the 

nucleus as an episome.  This presents an opportunity for artificial chromosome transfer into 

diatoms and could result in a one-step transfer of whole metabolic pathways, as has been 

shown for vanillin biosynthesis (Slattery et al., 2018), where a plasmid encoding eight genes 

involved in vanillin biosynthesis has been shown to be successfully propagated in P. 

tricornutum over four months with no evidence of rearrangements.  

Genome editing tools offer a breakthrough in targeted mutagenesis for the 

development of P. tricornutum as a cell factory, given that the organism is diploid and sexual 

reproduction cannot be controlled in the laboratory, limiting random mutagenesis as a useful 

tool for trait improvements. From an industrial perspective, genome editing is not yet subject 

to regulatory approval as the mutants are not stated as genetically modified (GM) (Podevin et 

al., 2013), and more importantly the changes introduced are believed to be more tractable. 

Meganucleases (Daboussi et al., 2014), TALENS (Serif et al., 2017; Weyman et al., 2015), 

and CRISPR/Cas9 with an optimised Cas9 (Nymark et al., 2016a; Slattery et al., 2018; 

Stukenberg et al., 2018) have all been shown to work in P. tricornutum for targeted genetic 
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engineering and the generation of stable knockouts. Using these techniques can result in 

marker free transgenic types.   

Using a non-genetically modified organism approach, adaptive laboratory evolution 

has been shown to result in a two-fold increase in growth and fucoxanthin content in semi-

continuous cultivation over only 11 generations with red and blue light (Yi et al., 2015).  

Adaptations to elevated carbon dioxide levels over nearly 2000 generations (Li et al., 2017a) 

have shown to evolve lower mitochondrial respiration. 

Genome scale metabolic models (GSM) have been developed for P. tricornutum 

(Levering et al., 2016). Further developments in pathway elucidation can result in 

developments using a top down or bottom-up approach for elevating products of interest and 

synthesising heterologous compounds. 

 

Improved knowledge of product biosynthetic pathways and their regulation  

By far the most widely investigated process, driven by the need to develop alternative 

renewable strategies for meeting our energy demands, is the accumulation of storage neutral 

lipids (triacylglycerols - TAGs), which can be converted to biodiesel. Nitrogen depletion is 

the most widely employed strategy to induce TAG accumulation in microalgae, and this is no 

different in P. tricornutum (Longworth et al., 2016; Remmers et al., 2017; Shemesh et al., 

2016). Briefly, de novo fatty acid synthesis occurs in the plastid, followed by two known routes 

to TAG synthesis: (a) acyl lipid assembly in the endoplasmic reticulum (Kennedy pathway) 

and (b) the acyl-CoA independent pathway involving phospholipid:diacylglycerol acyl 

transferase (PDAT) which involves the chloroplast membrane lipids (Figure 1).  

More recently, the role of Methylcrotonyl-CoA Carboxylase (Ge et al., 2014), 

phosphoenolpyruvate carboxykinase (PEPCK) (Yang et al., 2016), Diacylglycerol 

Acyltransferase (DGAT) (Dinamarca et al., 2017), 1-Acylglycerol-3-Phosphate O-

Acyltransferase 1 (AGPAT1) (Balamurugan et al., 2017), and Malic enzyme (ME) (Zhu et al., 

2018) have all been implicated in TAG synthesis in P. tricornutum, in addition to the 

identification of lipases (Barka et al., 2016), which play a role in TAG degradation and 

reallocation of fatty acids to maintain lipid homeostasis in the plastids (Figure 1). TAG 

accumulation involves remodeling of intermediate metabolism, especially reactions in the 
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tricarboxylic acid (TCA) and the urea cycles (Levitan et al., 2015), and restructuring of carbon 

metabolism through down regulation of the Calvin cycle, chrysolaminarin biosynthesis and 

up-regulation of the TCA cycle, and pyruvate metabolism to reroute the carbon to lipids 

(Alipanah et al., 2015; Bai et al., 2016; Longworth et al., 2016). This has also been linked to 

cell cycle arrest (Kim et al., 2017). With regards to EPA, the involvement of elongases and 

desaturases in EPA synthesis has been demonstrated, both through homologous and 

heterologous expression (Dolch and Maréchal, 2015; Hamilton et al., 2016). For fucoxanthin 

synthesis, phytoene synthase (psy) regulation has been shown to be involved (Kadono et al., 

2015). The metabolic pathways and regulatory nodes for chrysolaminarin synthesis are not yet 

as well investigated. Two potential 1,6-beta transglycolases involved in the branching of 1,3 

beta glucan chains have been characterised and found to be associated with the vacuole, 

suggesting branching of chrysolaminarin may occur in these organelles (Huang et al., 2016). 

It appears that the carbohydrate storage in the vacuoles is intertwined with carbohydrate 

metabolism, photosynthetic homeostasis and plastid morphology (Huang et al., 2018). UDP-

glucose pyrophosphorylase (UGPase) has been identified as a rate limiting enzyme that might 

play an important role in chrysolaminarin biosynthesis (Zhu et al., 2016). 

 

Carbon capture and photosynthesis in P. tricornutum 

Photoautotrophic growth is a key advantage of this microbial chassis and an 

understanding of carbon capture and photosynthesis is essential in developing the chassis. 

Compared to plant systems, the understanding of this aspect is still fragmentary, but recent 

developments are encouraging. P. tricornutum is known to take up bicarbonate, a ‘chloroplast 

pump’ acting as the primary active transporter (Hopkinson et al., 2016a). Several carbonic 

anhydrases (CAs) have been identified in P. tricornutum that participate in the carbon capture 

mechanisms to maintain sufficient partial pressure in the pyrenoid for CO2 fixation by 

Rubisco. P. tricornutum appears to lack both and cytoplasmatic CAs and CAs (Hopkinson et 

al., 2016a). However, recently a theta-type CA localised in the thylakoid lumen with essential 

roles in photosynthesis and growth of the organism has been reported (Kikutani et al., 2016). 

CCM mechanisms in diatoms appear to be diverse between species (Young and Hopkinson, 
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2017). Plasma membrane type aquaporins are known to function in CO2/NH3 transport and 

provide photoprotection (Matsui et al., 2018).  

Photosynthetic efficiencies in diatoms, although higher than in plants, can still be 

improved with appropriate knowledge of light harvesting and utilisation in diatoms. There is 

still substantial scope in bridging the gap between currently achievable and theoretical 

conversion yields (Remmers et al., 2018). The fucoxanthin-chlorophyll proteins (FCPs) are 

the most characterised light harvesting complexes in diatoms. In P. tricornutum, FCPs 

associated with both the photosystems I and II have been characterised (Gundermann and 

Buchel, 2014). Although there are similarities with plant systems, there are also differences in 

pigmentation (Gundermann and Buchel, 2014). The photosystems are segregated in 

subdomains, which minimise physical contact, as required for improved light utilisation, but 

are interconnected, ensuring fast equilibration of electron carriers for efficient optimal 

photosynthesis (Flori et al., 2017). More recently, the efficacy of light harvest and energy 

transfer in these systems is becoming clearer with the structural elucidation of the complex 

(Wang et al., 2019). 

 

2.6. Downstream considerations and challenges 
 

P. tricornutum cultivations are typically suspended cultures, requiring cell harvest and 

extraction stages, which represent a target for increasing the cost competitiveness of 

P. tricornutum as a cell factory. Downstream processing costs have a significant contribution 

to overall process costs (typically ranging between 20-60%) (’t Lam et al., 2019). Harvesting 

alone can contribute to 23% of the cultivation cost with raceway cultivations, but can be as 

low as 5-7% with photobioreactors, due to the potential for higher biomass concentrations 

(Ruiz et al., 2016).   

The aim of harvesting is to concentrate the biomass by 10-300 fold (typically from 

0.05-0.5% to 5-15% total solids) for subsequent drying/extraction or direct extraction of wet 

biomass in the shortest period to avoid spoilage, especially in warm climates (Vandamme et 

al., 2010). It is essential for the harvesting technique to be quick, have good harvesting 
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efficiency (>90%), inexpensive, leave behind little or no toxic residues, and not affect the 

quality of the biomass (’t Lam et al., 2017). Traditionally, centrifugation has been used for 

harvesting, and the apparatus include conventional cream separators, bucket centrifuges and 

super-centrifuges. Nevertheless, centrifugation is energy intensive and can account for 20-25 

% of the cultivation costs (’t Lam et al., 2017).   

A wide variety of harvesting methods have been suggested for P. tricornutum (Figure 

2).  Novel methods include the use of hydrocyclones, nanoparticles, ultrasonic harvesting, 

flotation, and tangential flow membrane filtration.  However, the most well researched area 

for harvesting P. tricornutum have centered around flocculation with this method being 

scalable.  Flocculants are well characterised and are effective through different modes; charge 

neutralisation (inorganic flocculants), sweeping, polymeric bridging (organic flocculants) and 

electrostatic patch mechanisms (Vandamme et al., 2013).  Alternatively, autoflocculation can 

be effective in a narrow pH window (10-10.5) in the presence of magnesium with flocculation 

induced by the precipitation of brucite (magnesium hydroxide), which causes charge 

neutralisation and adsorption of hydroxide particles onto the cell wall of P. tricornutum 

(Formosa-Dague et al., 2018; Vandamme et al., 2015b).  To date many flocculants have been 

tested (cationic, anionic and nonionic) but there has been an inconsistency with the setup 

design, flocculant concentrations used, the initial biomass density, optimal pH and the time 

required for optimal harvesting.  Bioflocculation using closely associated bacteria within the 

culture, and the influence of extracellular proteins on the harvesting efficiency (Buhmann et 

al., 2016), are innovative, environmentally friendly and potentially cost-effective approaches 

that warrant further investigation. 

The range of extraction techniques investigated in P. tricornutum is showcased in 

Figure 2 and comprises biochemical, mechanical and physical methods.  The conventional 

scalable methods (e.g., bead milling for cell disruption followed by solvent extraction) are 

mainly constrained by economic and environmental drawbacks associated with the extraction 

and purification of bioactives, in conjunction with degradation issues (Kapoore et al., 2018). 

Modern green extraction techniques mitigate most concerns of traditional techniques and 

warrant further investigation. These green solutions include microwave assisted extraction 

(MAE), pulsed electric field (PEF), ultrasound assisted extraction (UAE), pressurized liquid 
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extraction (PLE), supercritical fluid extraction (SFE) and the use of enzymes and ionic liquids 

(Esquivel-Hernández et al., 2017).  Ethanol has been suggested as a green solvent for the 

extraction of fucoxanthin and EPA from P. tricornutum biomass (Delbrut et al., 2018) that 

doesn’t require a drying step when used as a water-miscible solvent in PLE (Derwenskus et 

al., 2019). Lipid extractions can also be enhanced with microwaves (MWs) or the application 

of deep eutectic solvents (DESs) for cell wall disruption, followed by supercritical CO2 

(scCO2) and dimethyl carbonate (DMC) extractions. The fatty acid profiles from such 

extractions can be similar to the traditional Bligh and Dyer extraction method albeit with 

higher selectivity (Tommasi et al., 2017).  More detailed knowledge is required from the cell 

walls of microalgae to facilitate successful cell disruption and extraction approaches.  There 

is still a requirement to develop these environmentally friendly methods at pilot scale with an 

emphasis on MAE and PLE due to the wide spectrum of microalgal metabolites that can be 

extracted (Erdene-Ochir et al., 2016). 

Whole cell formulations for end-use could be a cost-effective approach that would 

obviate the need for extraction steps and alleviate product stability/storage concerns. This is 

in particular useful in the delivery of bioactives in food/feed formulations, as has been 

demonstrated for effective delivery of omega-3 fatty acids in Salmon feed (Sørensen et al., 

2016). 

 

2.7. Towards a diatom biorefinery  
 

The biorefinery principle is well defined but has very rarely been put into practice.  

t’Lam and colleagues (’t Lam et al., 2017) evaluated that a multi-product biorefinery is not 

currently feasible with downstream processing accounting for 50-60 % of the process.  

Currently there is too much emphasis on inflated prices of microalgal products such as 

pigments as has been observed in the H. pluvialis derived astaxanthin industry.  Inflated prices 

may work for fucoxanthin from P. tricornutum, which relies on clinical backing for the 

associated health claims.  Few studies have fully addressed the options of sequentially 

extracting products from P. tricornutum biomass in an integrated biorefinery (Figure 2). 
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Sequential extraction of fucoxanthin, followed by EPA and chrysolaminarin, in turn has been 

suggested as a possibility (W. Zhang et al., 2018).  However, the economic viability of this 

proposition is yet to be investigated.   

The economic feasibility of a microalgae biorefinery has been argued for with 

production costs of €6-7/kg DW and a resulting revenue of €31/kg DW including cultivation 

and downstream processing. Production costs of  €3-6/kg DW over the same scale can be 

achieved even with closed tubular PBRs (Matilde S.Chauton et al., 2015), but the electricity 

costs required for cultivation are high (62 % of the costs of cultivation in an indoor setting) 

(Pérez-López et al., 2014) and consequently there is a necessity to produce microalgal products 

in an outdoor setting.  More careful integration of the downstream processing units could result 

in a cost-effective solution (’t Lam et al., 2017). Using bioflocculation in combination PEF for 

the ‘milking’ of P. tricornutum cells (Figure 2) through a wet processing method could result 

in the release of multiple products of interest without killing the cells, but this remains to be 

tested. 
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2.8. Concluding remarks  
 

As showcased above, P. tricornutum has great potential as a microbial cell chassis for 

homologous and heterologous compounds.  The high photosynthetic efficiency, a detailed 

understanding of product pathways, a well-developed suite of molecular tools, in conjunction 

with the ability to produce a spectrum of marketable products, all point to great promise for 

the future development of the chassis.  P. tricornutum has been explored to produce single 

products at pilot scale, including TAGs for biodiesel and fatty acids of nutraceutical value 

(EPA and DHA), but products such as recombinant proteins and chysolaminarin are yet to see 

large scale trials. Fucoxanthin appears to be the only product that has been shown to be 

commercially viable currently, due to its high selling price, but as product supply increases, 

selling prices may fall as observed in the astaxanthin industry. There is also considerable 

potential for the development of more products of value using the chassis as demonstrated 

with heterologous compounds and scope for reallocation of carbon to maximize specific 

productivities. Nevertheless, long-term sustainable commercial productions from 

P. tricornutum will require development of a biorefinery approach to valorize cultivations with 

incorporation of multiple product streams.  Despite the promise challenges remain that require 

attention. A primary challenge is in maximising biomass productivities, in a way to make the 

most of photoautotrophy and develop processes that are cost effective and competitive 

compared to other heterotrophic hosts. Learning to make the most of the photosynthetic 

capacity and increasing carbon uptake and routing to products of value are desirable. The 

developments in PBR technology, and innovative downstream processing options that drive 

down costs necessary to enable economical extraction of several products of interest that are 

also environmentally sustainable are needed within a biorefinery approach (see Outstanding 

questions).  

Industrial cultivation of genetically engineered P. tricornutum will require secondary 

containment such as glass houses or polythene tunnels, antibiotic resistance needs to be 

replaced with other selection markers such as fluorescent proteins and legislation will have to 

be complied with in terms of genetically modified organisms especially as the regulations 



 

46 | P a g e  

surrounding CRISPR-Cas 9 are as yet bordering on uncharted waters in the EU. Nevertheless, 

the future for P. tricornutum as a microalgal cell chassis is certainly bright. 
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Glossary 

Adaptive laboratory evolution: is a method employed to gain insights into the 

fundamentals of molecular evolution and adaptive changes that occurs in populations during 

long term selection under specific growth conditions. The organism is repeatedly cultured by 

exposure to pre-defined conditions to accelerate evolution in the laboratory.  

Allele specific expression (also known as allelic bias): is one where one allele is 

expressed at levels higher than the other. 

Bio-based economy: is where biological feedstock and/or bioprocesses are employed 

to derive products of value for economic gain, as sustainable solutions to the challenges we 

face (food, energy, chemicals, health, materials, and environmental protection). 

Bio-refinery: is a process which aims to replace oil with biomass as a feedstock for 

fuel and chemical production through the integration of green chemistry and sustainable 

production. The aim is to produce multiple products from biomass to add value to the process 

(in a way akin to chemical refinery).  

Cell chassis: can refer to a cell host or an organism with a genome that can be altered 

to maintain heterologous DNA parts for gene expression.   

Downstream processing: refers to steps involved downstream of cultivation to 

recover products of interest, and can encompass cell harvest and the extraction of products of 

interest from natural sources followed by product purification or formulation. 

Gene knockout tools: are tools used to make an organism’s gene inoperative.  These 

are usually developed to study gene function and to investigate the phenotype after gene loss. 

Genome editing: targets precise sites within a genome by introducing double strand 

breaks into a specific guided site that is repaired resulting in a modest deletion of a few 

nucleotides of the native gene.  Insertional activation is not required for mutations to be created 

through incorporation of a non-native gene encoding a selectable marker.   

Gibson and Golden Gate assembly: are assembly methods used across the synthetic 

biology community which employ a ‘one-pot/tube’ method and do not rely on restriction sites.  

Gibson assembly involves long-overlap assembly (exonuclease for annealing fragments, 

polymerase for filling the gaps and DNA ligase for sealing the nicks in the assembled DNA) 

where multiple parts can be assembled (promoters, terminators and other short sequences).  
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Golden Gate is based on Type II S restriction endonucleases, which cleaves double-stranded 

DNA outside their recognition sites resulting in a short single-stranded overhang with Bsal 

restriction sites utilised for a simultaneous digestion and ligation preventing re-ligation. 

Mixotrophy: a mode of cultivation where the culture utilises both carbon dioxide and 

organic carbon supplemented in the nutrient medium.  

Photoautotroph: is an organism that can make energy from sunlight and carbon 

dioxide through photosynthesis to synthesise organic compounds for nutrition. 

Pyrenoid: are sub-cellular compartments in the chloroplast of most algae and are 

associated with the carbon concentrating mechanism (augments photosynthetic productivity 

by increasing inorganic carbon). 

Secondary endosymbiotic events: are events which occurred when a living cell 

engulfed another eukaryotic cell that had undertaken primary endosymbiosis resulting in a cell 

with a double phospholipid bilayer around the mitochondria and chloroplasts. 

Selection markers: are sequences that are expressed for a specific set of traits that 

provide the transformed cells with different properties from untransformed cells. Selection 

markers affect the condition under which the transformed cell can grow such as, antibiotic 

resistant transformed cells growing in medium with antibiotics.   

Transposon (also known as a jumping gene):  is a DNA sequence that can alter its 

position within a genome, occasionally resulting in a reverse mutation, altering the cells 

genetics and genome size. 
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Text Box 1: Microalgae cell factories 

 

Microalgae are a taxonomically diverse group of organisms that are spread across the 

eukaryotic tree of classification (Figure I). We have some knowledge of a few representatives 

and are developing an improved understanding of a handful of species with biotechnological 

potential (Table I).  

 

Figure I: A cartoon representation of the phylogenetic diversity of microalgae phyla (in yellow) 

and representative species being developed (in red). Other representative lineages, such as animals and 

plants are also provided (in black). 

 

 

 



 
 

Table I: Alternative microalgae (genome sequenced) cell factories under development and their 

biotechnological potential 

 

 



 
 

Text Box 2: Diatoms and their biotechnology potential 

Diatoms are among the most successful and productive photoautotrophs in the 

marine environment, responsible for about 40% of primary productivity in the oceans and 

20% of global CO2 fixation, with biogeochemical transfer of important nutrients such as 

nitrogen, carbon and silicon (Bowler et al., 2010). They dominate the phytoplankton 

community in the oceans under nutrient replete conditions, rapidly growing and dividing, 

and have the ability to survive long periods of light and nutrient limitation (Benoiston et al., 

2017). They have been shown to possess more competitive traits compared to other 

phytoplankton groups (Lima-Mendez et al., 2015). Diatom genomes harbor a combination of 

genes and metabolic pathways first thought to be exclusive to plants and animals. Diatoms 

have the urea cycle and the ability to generate chemical energy from the breakdown of lipids 

that were considered distinctive animal features, and also have evidence of a C4 

photosynthetic pathway that has previously been recorded only in plants. Their evolution can 

be traced to secondary endosymbiotic events, with red and green microalgae, in addition to 

exosymbiotic gene acquisitions (Benoiston et al., 2017; Brembu et al., 2017). This provides 

them with a gene pool with diverse metabolic potential. Allele specific expression is an 

additional feature that may permit further phenotypic plasticity and thus help diatoms to 

thrive in dynamic highly unstable environments (Tirichine et al., 2017). Sequenced diatoms 

(Table I) provide the foundations for understanding their cellular makeup, with their 

genomic and epigenomic characteristics indicating a high versatility and resilience for 

survival under demanding environments (Benoiston et al., 2017; Tirichine et al., 2017). 

Some of these traits also bear the potential for serving as robust production vehicles.    

  



 
 

Table II (Text Box 2): Sequenced diatoms, developmental status and their biotechnological relevance. 

 

 

 

Species/strain
Structural 

Type
Genome size and composition Genetic toolkits & biochemical knowledge Biotechnological relevance

Phaeodactylum 

tricornutum 

Raphid 

pennate

27.4 MB.  88 chromosomes. Transposable elements make 

up 6.4 % of the genome.

High frequency of targeted mutagenesis possible with meganucleases, TALENS, CRISPR-

Cas9; nuclear and chloroplast transformations demonstrated; multiple plasmids can be co-

transformed; Golden Gate Assembly possible for cloning multiple genes of interest; several 

constitutive and inducible promoters are known to function well; a wide range of reporters 

(LUC, GUS, GFP, YFP, CFP) have been shown to work; overexpression and gene 

silencing are well developed. (see this review)

Production of several endogenous and heterogenous biochemicals including TAGs for biodiesel, fucoxanthin, EPA, chrysolaminarin, sterols, recombinant proteins, 

vanillin, PHBs.

CCAP 1055/1

Thalassiosira 

pseudonana 

CCMP 1335

Thalassiosira 

oceanica 

CCMP 1005

Fragilariopsis 

cylindrus

CCMP 1102

Pseudo-nitzschia 

multiseries

CLN-47

Pseudo-nitzschia 

multistriata 

B856

Pseudo-nitzschia 

australis 

HAB 200

Seminavis robusta 

D6 

Fistulifera  sp.

JPCC DA058 

Odontella sinensis Polar centric Chloroplast sequenced No known methods of transformations published. Brevetoxin interactions at the cellular and subcellular level.

Pennate Only the chloroplast has been sequenced

Meiotic toolkit with 42 potential genes involved in meiosis; the mating system is heterothallic 

so sex can be controlled reliably as sexual reproduction cannot begin until compatible 

clones are mixed, best success in mating and F1 development of the diatoms.

Sexual crosses can be made routinely, offering the potential for forwards genetics.

Raphid 

pennate
Chloroplast sequenced Biolistics; endogenous and heterogenous promoters. High concentrations of EPA; high biomass productivity.

Raphid 

pennate
59 MB.

Biolistics transformation, h4 (constitutive) promoter, sh-ble  gene for resistance to antibiotic 

zeocin.  Meiotic toolkit with 42 potential genes involved in meiosis.
Domoic acid production. Ability to reproduce sexually for classical loss of function screens and different combinations of double transformants.

Raphid 

pennate
No known methods of transformations published. Contaminated genome with bacterial sequences-potential obligate symbiotic relationship;  produces Isodomoic acid, unusual amnesic shellfish poisoning toxin.

Raphid 

pennate
61.1 MB. No known methods of transformations published. Adaptations to polar conditions and survival in sea ice; antifreeze proteins.

Raphid 

pennate
281.7 MB. No known methods of transformations published. Produces domoic acid, analogue for glutamic acid which causes Amnesic Shellfish Poisoning (ASP). 

Polar centric
32.4 MB. 65 chromosomes. Transposable elements make 

up 1.9 % of the genome.

Transformation by biolistics and conjugation shown to work. Gene silencing and gene 

knock-outs established. Secretion of recombinant proteins shown.  Multiple plasmids can 

be co-transformed.  Golden Gate Assembly possible for cloning multiple genes of interest. 

Overexpression and gene silencing are developed.

Silica biomineralisation; model for understanding the mechanisms behind silicification and TAG accumulation.

Polar centric 81.6 MB. 51 chromosomes. Transformation by biolistics. High genomic plasticity as shown from horizontal gene transfer. Highly tolerant to low iron levels, reaching near maximal growth, might be a good biological indicator for iron stress;  model for iron uptake studies.



 
 
Text Box 3: Biology of P. tricornutum 

 P. tricornutum is a marine species including brackish water strains (Figure I)), such 

as CCAP 1052/6 (UTEX 646) and CCAP 1052/1B (UTEX 640), but only CCAP 1052/1B has 

been reported to grow in freshwater (Yongmanitchai and Ward, 1991). To date UTEX 640 has 

been the workhorse for high biomass and EPA productivities, CCAP 1055/1 for genetically 

engineered products of interest and UTEX 646 for monoclonal antibodies (Table 1). Strain 

UTEX 640 has the highest natural EPA content of 5.14 % DW (Derwenskus et al., 2019) but 

a genetically engineered CCAP 1055/1 has an EPA content of 8.54 % DW (Wang et al., 2017). 

For the commonly used strains for maximizing lipid productivities it has been identified that 

UTEX 640 is better than UTEX 646 in terms of biomass and lipid productivities (Rodolfi et 

al., 2017).  Bioprospecting can lead to the isolation of strains with biotechnological 

significance, for example, three new strains (M26, M28, and M29) were isolated from two 

fjords in Norway and M28 had a high TFA content of 42.9 % DW (Steinrücken et al., 2018).  

Strain M21 was of particular interest because it had a high growth rate at 10°C and a high EPA 

content which increased in the stationary phase to 4.6 % DW (Steinrücken et al., 2017).   

The great adaptability of P. tricornutum has been attributed to its pleiomorphism (four 

different morphotypes known - oval, fusiform, triradiate, and cruciform, and the 

predominating morphotype appears strain specific) (De Martino et al., 2007; Ovide et al., 

2018; Steinrücken et al., 2018). Most P. tricornutum strains predominate as fusiforms but 

some strains have been found to predominate as oval forms (CCAP 1052/1B and CCAP 

1055/5) and some as triradiates (CCAP 1055/7) (De Martino et al., 2007).  From a 

biotechnological point of view the fusiform morphotype appears most commercially relevant 

due to its growth rate ( ~1.4 times higher than comparable oval cells) (De Martino et al., 2007) 

and a greater antibacterial activity (twice as much as the ovals) attributable to the EPA, 

hexadecatrienoic acid, and palmitoleic acid content (Desbois et al., 2010).    

The main polysaccharide in the fusiform cell morphotype is a sulphated 

glucuronomannan that has been suggested to play a role in cell-wall biogenesis and the frustule 

architecture (Le Costaouec et al., 2017). It has been found that the carbohydrate composition 

differs between morphotypes but the structure of glucoronomannan appears conserved in 



 

54 | P a g e  

fusiform and oval morphotypes (Willis et al., 2013). This might have biotechnological 

implications with respect to product extractions.  

P. tricornutum has a small genome of 27 Mbs that nevertheless encodes a plethora of 

genes, around 12,000, with 26 % of the genes being species-specific (Rastogi et al., 2018; 

Velmurugan and Deka, 2018). It has been found to contain class I retrotransposons and a few 

class II transposons, which appear to be modulated by different stressors, such as nitrogen 

depletion (Hermann et al., 2014; Rogato et al., 2014; Veluchamy et al., 2015).  The 

transposons contribute to 6.4 % of the genome (Hermann et al., 2014; Ovide et al., 2018), 

which offers potential for creating or reversing mutations in the cells for biotechnological 

exploitation. It is less silicified among diatoms and the requirement for silicon is not 

obligatory. This not only favours large-scale cultivations, but also enables ease of introducing 

DNA into the cell. It is now routine to express multiple transgenes in P. tricornutum through 

the Gibson and Golden Gate assembly (Adamo et al., 2018; Weyman et al., 2015).   

 

 

Figure I: Global distribution of P. tricornutum strains, showcasing 75 isolates reported in the literature 
(including synonymous ones). These include 22 unique strains held in 13 culture collections.  A high 
proportion of these is of unknown origin (40.8 %).    



 
 

Table 1: Products derived from P. tricornutum cultivation. Details given are for the most advanced productions scales reported in the literature. PBR 
- photobioreactor; (R) - recombinant strain; TSP - total soluble protein. 

 

 
Product 

class
Strain

Product 

yield/ 

productivit

y reported

Functional end-use Operational conditions Ref.

EPA
3% DW; ~60 

mg/L/d

Nutraceutical, cardiovascular health, precursor for prostaglandin-3, 

thromboxane-3 and leukotriene-5 eicosanoids

Outdoor chemostat split-cylinder airlift PBR (50-60L), Almeria, 

Spain, photoautotrophic/mixotrophic with glycerol

(Fernández 

Sevilla et al., 

2004)

0.64% DW
Nutraceutical, primary structural component of the human brain, 

cerebral cortex, skin and retina
Indoor horizontal fence PBR (550 L), photoautotrophic

0.26 % DW Indoor raceway (1250 L), photoautotrophic

0.92 % DW Indoor flasks, photoautotrophic
(Wang et al., 

2017)

ARA 1.89 % DW Nutraceutical, prostaglandin precursor Indoor flasks, photoautotrophic
(Wang et al., 

2017)

58.5 mg/L/d,

45 % DW

Brassicosterol Decreased risk of coronary heart disease, anti-inflammatory activities Lab PBR (≤1L), photoautotrophic
(Adamo et al., 

2019)

Carbohydrates Chrysolaminarin
14% DW; 94 

mg/L/d
Antioxidant Indoor flat-plate PBR (50 L), photoautotrophic

(Baoyan et al., 

2017)

Fucoxanthin
0.7% DW; 4.7 

mg/L/d
Antioxidant, anti-obesity, anticancer, anti-inflammatory Indoor flat-plate PBR (50 L), photoautotrophic

(Baoyan et al., 

2017)

0.01% DW Antiprotozoal, antimicrobial, antitumour, chemopreventative Lab Algem PBR (≤1L), photoautotrophic
(Adamo et al., 

2019)

0.0013% DW Indoor horizontal fence PBR (550 L), photoautotrophic
(Adamo et al., 

2019)

Betulin
Detectable 

levels
Antitumour Lab Algem PBR (≤1L), photoautotrophic

(Adamo et al., 

2019)

Polyhydroxybutyrate (PHB) 10.6% DW Bioplastics Indoor flasks  (≤1L), photoautotrophic
(Hempel et al., 

2011a)

Human IgGαHBsAg.  Ab against 

Hepatitis B virus surface protein

0.0021% DW; 

8.7% TSP
Monoclonal antibody Indoor flasks  (≤1L), photoautotrophic

(Hempel et al., 

2011b)

IgG1/kappa Ab CL4mAb.  Hepatitis 

B Virus surface protein without the ER 

retention signal (DDEL) at the C-

terminus of both antibody chains

2.5 mg/L 

(secreted)
Monoclonal antibody Indoor flasks  (≤1L), photoautotrophic

(Hempel and 

Maier, 2012)

Monoclonal IgG antibodies against the 

nucleoprotein of Marburg virus (close 

relative of Ebola virus)

2 mg/L 

(secreted)
Monoclonal antibody Indoor flasks  (≤1L), photoautotrophic

(Hempel et al., 

2017)

Whole cell Biomass
25.4 g/L, 1.7 

g/L/d
Aquaculture/animal feed

Outdoor split-cylinder airlift PBR (60 L), mixotrophic (0.1 M 

glycerol)

(Fernández 

Sevilla et al., 

2004)

Heterologous 

compounds & 

Proteins

CCAP 1055/1 (R)

UTEX 646 (R)

UTEX 646 (R)

UTEX 646 (R)

UTEX 640

Terpenoids

CAS

Lupeol

CCAP 1055/1 (R) - LjLUS-

25

CCAP 1055/1 (R) - AtLUS-6

CCAP 1055/1 (R) - LjLUS-

25

UTEX 640 Biodiesel Green Wall Panel III (≤40 L), outdoor, photoautotrophic
(Rodolfi et al., 

2017)

CCAP 1055/1 (R) - LjLUS-

25

CAS

Product

Lipids

UTEX 640

DHA

CCAP 1055/1 (R) - Pt_El05
(Hamilton et 

al., 2015)
CCAP 1055/1 (R) - Pt_El05

CCAP 1055/1 (R) - 

Pt_MCAT_PtD5b

CCAP 1055/1 (R) - 

Pt_MCAT_PtD5b

TAG



 
 
 

 

Figure 1: Biochemical knowledge of synthesis and accumulation of key products (in red font) within key 
organelles in P. tricornutum, resulting from investigations in recent years. Relevant enzymes or proteins 
are in green font. Black arrows indicate synthesis routes and red arrows indicate degradation routes. Grey 
arrows indicate hypothesized routes. Dotted arrows indicate transfer between organelles; DMAP – 
Dimethylalyl diphosphate; IPP – Isopentyl diphosphate; G3P – Glyceraldehyde-3-phosphate; 3-PGA- 3-
phosphoglycerate;  FFA – Free fatty acid; PEP – Phosphoenol pyruvate; OAA – Oxaloacetate; MGDG – 
Monogalactosyl diacylglycerol; DGDG – Digalactosyl diacylglycerol: SQDG – Sulphoquinovosyl 
diacylglycerol; PA - ; DAG – diacylglycerol; TAG - triacylglycerol;  GPAT - Glycerol-3-phosphate 
acyltransferase; AGPAT -1-acyl-glycerol-3-phosphate acyltransferase; ;  PDAT – Phospholipid 
diacylglycerol acyltransferase; DGAT – Diacylglycerol acyltransferase; TGS1 – 1,6--transglycosylase; 
PGM - Phosphoglucomutase; UGPase – UDP glucose pyrophosphorylase; ME1 – Malic enzyme 1; PEPCK 
– Phosphoenolpyruvate carboxykinase; PSY – Phytoene synthase; CA – carbonic anhydrase. 
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Figure 2 - Options for the development of a biorefinery approach with P. tricornutum cultivations. (A) 
Simultaneous harvest of products; (B) Sequential extraction of products temporally separated; (C) 
Alternating product centered operation (C1 and C2 are different operational conditions); (D) Direct 
sequential milking of products from culture; (E) Alternating product centered operations (C1 and C2 are 
different operational conditions), followed by direct milking of products. A, B and C involve cell harvesting 
(W. Zhang et al., 2018), whilst D and E do not involve separation of cells from the culture. Products a, b, 
and c could be Fucoxanthin, EPA, and Chrysolaminarin, respectively, and C1 and C2 could be N replete, 
low light conditions and N deplete, high light conditions, respectively, as an example. The key downstream 
processing stages of cell harvest and product recovery (extractions) from the cells that have been explored 
for P. tricornutum are highlighted at the top. Size of the options indicates relative effectiveness considering 
factors including, performance, suitability to commercial application, cost effectiveness, toxicity, etc. 
Green extraction techniques are highlighted in green. 

 

  



 

58 | P a g e  

 

 

Chapter 3: Towards a Phaeodactylum 

tricornutum biorefinery in an outdoor UK 

environment (8-18°C) 
 
This chapter is being prepared for publication: 

 
Thomas O. Butler1*, Gloria Padmaperuma1, Alessandro M. Lizzul2, and Seetharaman 

Vaidyanathan1 

1Department of Chemical and Biological Engineering, The University of Sheffield, Sheffield, S1 3JD, 

UK; S.vaidyanathan@sheffield.ac.uk (S.V.) 
2 Varicon Aqua Solutions Ltd., Ball Mill Top Business Park, Unit 12, Hallow, WR2 6PD, UK   

Highlights 

• Cultivation with Cell-Hi JWP resulted in an increase in biomass, fucoxanthin, EPA, and 

protein yield 

• UK outdoor winter cultivation was possible at 8-18°C in the Phyco-Lift airlift 

photobioreactor 

• An inverse correlation between temperature and EPA was observed 

• Commensal bacteria followed a sinusoidal growth profile in microalgal cultures 

• Halomonas appeared to dominate at lower algal biomass densities and Marinobacter 

dominated in late growth stages 
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3.1. Abstract 
P. tricornutum is a model diatom and a potential biorefinery chassis which can be 

exploited for a range of natural products for the nutraceutical market (fucoxanthin and 

eicosapentaenoic acid - EPA) and aquaculture feed (protein, fatty acids and carbohydrate).  

There is a necessity to improve growth rates and reduce costs in microalgae cultures for 

commercial realisation of a biorefinery chassis.  A media screening was conducted to explore 

the potential of cost-effective cultivation media; a series of commercial powdered media (Cell-

Hi F2P, JWP and WP) and a hydroponics medium (FloraMicroBloom) were compared against 

f/2 medium. The commercial powdered medium, Cell-Hi JWP, was identified as the optimal 

formulation for growth, fucoxanthin, EPA, and protein.  Cultivation outdoors in the UK during 

September and October (8-18°C) was investigated to observe how the biochemical 

composition differed from cultivation indoors under controlled temperature and lighting.  

Chlorophyll a content was positively correlated with fucoxanthin and EPA content and 

temperature appeared inversely correlated with EPA content.  During the reactor operation, 

the culture remained unialgal but commensal bacterial counts revealed a sinusoidal growth 

profile.  A change in the bacterial community composition from Halomonas to Marinobacter 

dominance was observed.  Biofilm formation was observed in areas of the reactor with low 

flow zones which was shown to consist of the P. tricornutum oval morphotype and bacteria 

which adhered to the cells.  Fatty acid analysis appeared to show that P. tricornutum was the 

dominating species in the biofilm.  The results reported here showcase the potential of outdoor 

cultivation during cold conditions and associated challenges, but artificial supplementation of 

light may be required to further increase biomass productivity and product yields during the 

dark period. 

 

Keywords: microalgae; Phaeodactylum, outdoor cultivation, air-lift, bubble column, 

biorefinery 
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 3.2. Introduction 
P. tricornutum is a model diatom and a potential biorefinery chassis which can be 

exploited for a range of natural products including high value (fucoxanthin) and lower value 

products for animal feed and aquaculture (protein, fatty acids and carbohydrate) which can be 

extracted sequentially (Butler et al., 2020).  It is a commercially viable species and is cultivated 

by at least eight companies in Europe with an estimated annual production of four tonnes of 

dry biomass (Araújo and García-tasende, 2021).  P. tricornutum dominates and outcompetes 

other microalgal species and is able to tolerate high pH and grow under low light (Butler et 

al., 2020).  It is robust at laboratory, pilot, and demonstration scale, and can be cultivated in a 

range of cultivation media (Walnes, f/2 and COMBO), enriched seawater and fertiliser media 

without the requirement for silica (Branco-Vieira et al., 2020; Lebeau and Robert, 2003; Sethi 

et al., 2020).  

High productivities of microalgal cells require the formulation of suitable culture 

media and standard media typically result in low productivities.  A typical standard culture 

medium contains macronutrients (nitrogen, phosphorous, potassium, calcium, magnesium and 

sulphur), micronutrients (iron, manganese, molybdenum, zinc, boron, copper and cobalt), 

vitamins (cyanocobalamin, thiamine and biotin) and can contain a source of inorganic carbon 

(i.e. bicarbonate).  The medium is typically formulated to provide the cells with a suitable pH, 

osmolarity, and the nutrients essential for cell survival and growth.  The development of a 

standardised, optimal cell medium is of paramount importance because deviations can result 

in alterations in cell growth and product formation.  The preparation of cell culture media is 

typically complex, expensive (labour, sterilisation, water purification, chemical storage), 

requires refrigeration, and is time consuming.  The large number of process steps and the 

components in media formulation can lead to reduced efficiency and increased costs in 

conjunction with the potential introduction of variability which can impact the growth of the 

cells.  Care has to be taken to add components in a particular order to enable dissolution and 

avoid precipitation (de Carvalho et al., 2019).   

Media components can be replaced by more economical alternative sources (such as 

fertilisers) and can result in a higher biomass productivity and biochemical composition 

(protein and fatty acids) (Colusse et al., 2020).  Due to low microalgal productivities and a 
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high medium cost (US $2.6-8.3 per m3) the cost of production for microalgae is high with 

nitrate and phosphate represent 83 and 31% of the medium cost respectively (Colusse et al., 

2019).  When formulating a low-cost medium, it should not only reduce cost, but also decrease 

preparation time, simplify the workflow, and reduce the complexity of the media preparation, 

all of which are important in a commercial setting. There is a requirement for a dry media 

powder formulation which ensures a standardised product which does not vary from batch to 

batch and does not affect cell growth or composition.   

Powdered media are a good solution since they require less storage space (stored as a 

concentrated powder or stock and stored for shorter periods of time), is easier to ship and 

remains stable over longer periods of time compared with liquid media (Kern, 1994).  Dry 

powdered media have traditionally been manufactured using ball-milling technology and the 

constituents are simultaneously crushed and mixed under controlled temperatures and 

humidity whilst avoiding contaminating dust (Jayme et al., 2002).  To date Cell-Hi F2P has 

been used in at least 24 studies for cultivation of microalgae in the published literature with 

concentrations ranging from 0.1 to 0.5 g L-1 (Appendix A).  Cell-HI WP has been used in at 

least 8 publications with a concentration ranging from 0.1 to 0.67 g L-1 (Appendix A).  One 

recently optimised media by Varicon Aqua Solutions Ltd. (JWP) has not been published for 

microalgal cultivation and to date no study has evaluated the performance of these media 

formulations with standardised liquid media commonly used for microalgae in terms of growth 

and biochemical analysis.  It has been found that media can have a dramatic effect on the 

growth and biochemical composition of microalgae (Butler et al., 2017; Praba et al., 2016) 

and this warrants investigation. 

P. tricornutum can be cultivated indoors and outdoors in a range of photobioreactors 

(PBRs) (including tubular, flat-plate, and column) and open (raceway) ponds with biomass 

and product yields described in Butler et al. (2020).  The biomass productivity of 

P. tricornutum has been reported to range from 0.025-1.7g L-1 d-1 (Fernandez et al., 1998; 

Veronesia et al., 2015).  To date the highest biomass concentration (25.4 g L-1), productivity 

(1.7 g L-1 d-1) and EPA productivity (56 mg L-1 d-1)  were obtained in an outdoor split-cylinder 

airlift PBR (60 L) in Almeria, Spain using mixotrophic cultivation with 0.1 M glycerol using 

P. tricornutum UTEX 640 (Fernández Sevilla et al., 2004).  Comparatively, the highest oil 
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(TAG) yield (58.5 mg L-1 d-1) in the same strain was attained in flat panel PBRs (Green Wall 

Panel III) using photoautotrophic conditions (up to 45 % TAG DW) (Rodolfi et al., 2017).  

The highest fucoxanthin productivity (4.7 mg L-1 d-1) was also obtained in a flat-plate system 

using photoautotrophic conditions (Baoyan et al., 2017).  Flat panel configurations are optimal 

for biomass, EPA, and fucoxanthin productivities attributable to their low shear stress and 

effective illumination (Guler et al., 2019), but they are constrained by high rates of biofouling 

and their difficulty to clean (Lizzul, 2016).  To date the majority of studies on outdoor 

productivity have been performed in temperate countries such as Spain and Italy, with high 

irradiances for high growth.  Only limited studies are available from higher latitudes where 

microalgae are grown in cold climates with lower irradiances and photoperiods (Steinrücken 

et al., 2018).   

PBRs result in higher productivities and more hygienic processes than raceway 

cultivation and can provide (to some degree) a physical barrier against contamination and 

grazers (Chiaramonti et al., 2013) but they are cost prohibitive for most microalgal production 

facilities.  Currently the cost of microalgal production is 9-10 euros kg-1 DW (low labour cost 

countries) in PBRs compared with 0.4-1.8 euros kg-1 in open raceway systems (Banerjee and 

Ramaswamy, 2017; Slade and Bauen, 2013).  Comparatively the cost of production in 

aquaculture hatcheries is 329 euros kg-1 (25 m2 scale) in a greenhouse setting and decreases to 

43 euros kg-1 through the use of artificial illumination at 1500 m2 scale (Oostlander et al., 

2020).  Challenges to overcome with PBRs are reactor design for ensuring high 

volumetric/areal productivities, high yield on light, low shear but minimal fouling, low 

pumping costs, avoidance of high energy requirement for temperature maintenance and a 

requirement to minimise biomass losses due to photorespiration (Meiser et al., 2004; Tredici 

et al., 2015).   

The typical biomass composition of P. tricornutum wild type as dry weight is 12.73-

57 % lipid (Rodolfi et al., 2009) with 7-42 % DW as total fatty acids (TFAs) (Breuer et al., 

2012; Rebolloso-Fuentes et al., 2001), 27-51 % protein, 17-26 % carbohydrate, 2.04 % 

chlorophyll (~75 % chlorophyll a and 25 % chlorophyll c), 0.24 % carotenoids, 15.9 % ash 

and 0.25 % neutral detergent fibre (Di Lena et al., 2020; KaiXian and Borowitzka, 1993; 

Rebolloso-Fuentes et al., 2001).  Mineral elements make up 7.35 % DW with calcium, 
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potassium and sodium encompassing 69 % (Rebolloso-Fuentes et al., 2001).  Low light 

appears to favour the accumulation of fucoxanthin and EPA (Acién Fernández et al., 2000; 

Gómez-Loredo et al., 2016; McClure et al., 2018), whereas higher light intensities favour 

storage compounds (carbohydrate and TAG) with the degradation of the carbohydrate 

chrysolaminarin in the dark under N-limitation (Huete-Ortega et al., 2018; Wagner et al., 

2016).  However, to date, limited studies exist on showing how the biochemical composition 

varies indoors and outdoors over time in PBRs. 

The first aim of this paper was to determine the optimal cost-effective medium for 

obtaining high biomass and product (fucoxanthin, EPA, protein, carbohydrate and TFA) yields 

utilising a biorefinery approach for the model strain P. tricornutum CCAP 1055/1.  The next 

step was to cultivate P. tricornutum CCAP 1055/1 indoors (under controlled lighting and 

temperature) and outdoors (under low light and temperatures with high variability; 8-18°C) in 

a prototype airlift photobioreactor to look at the effect on biochemical composition to evaluate 

the potential of a biorefinery.  The effect of cultivation time, light and, temperature on 

biochemical composition was investigated.  The commensal bacterial population was 

monitored and compared in the airlift PBR indoors and outdoors.  

 

3.3. Materials and methods 

3.3.1 Phaeodactylum tricornutum culture and routine maintenance 

P. tricornutum CCAP 1055/1 stock cultures were routinely maintained by the transfer 

of a 10% (v/v) inoculum into a 1 L Erlenmeyer flask, containing 800 mL f/2 medium (0.882 

mM phosphate and 0.036 mM phosphate) (Guillard, 1975), using 33 g L-1 Instant Ocean 

(Aquarium Systems, UK) (S5.1.  Ionic composition of modified f/2 and Instant Ocean.  The 

stock culture was incubated at continuous irradiance with white lights ca. 150 µmol photons 

m−2 s−1 surface irradiance (2700 k Hansa ECO Star silver lamps), at 21 °C ( 1 °C).  The stock 

culture was sparged with air at 1 lpm (1.25 vvm) (using a ACO-9620, Hailea pump) through 

a 0.22 µm air filter.   
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3.3.2 Phaeodactylum tricornutum flask screening and experimental 
approach  

Stock cultures were harvested during late-log, centrifuged at 4000 rpm for 10 mins 

(3500 g), washed with 20 mL phosphate buffered saline and re-suspended in 250 ml 

Erlenmeyer flasks for experimental flask screening.  The experimental cultures were incubated 

at 21°C (Series 4, LMS incubator, UK) and agitated at 120 rpm using a Stuart reciprocating 

table shaker (SSL2, UK) under continuous light at 142  33 µmol photons m−2 s−1 for the Cell-

Hi medium screening (provided by 2700 k Hansa ECO Star silver lamps) for 7 d. The initial 

inoculum density was an optical density of 750 nm (OD750) = 0.12 (equivalent to ca. 1 x 

106 cells mL-1, 0.02 g L-1 DW) and growth was monitored daily by measuring cell count and 

biomass concentration (determined by dry weight).  

 

3.3.3. Hydroponics and powdered media screening 

Cell-Hi powdered (Varicon Aqua Solutions Ltd.) stock solutions (1 kg 10 L-1 for Cell-

HI F2P, 1.5 kg 10 L-1 for WP, and 1 kg 20 L-1 for Cell-HI JWP) (Appendix A) were prepared 

by thoroughly mixing at room temperature (20°C) with a magnetic stirrer (N2400-2000 

Starlab, UK) until the product dissolved.  The final concentrations of Cell-Hi F2P, WP and 

JWP were 0.1, 0.15, and 0.1 g L-1 respectively as recommended by the manufacturers 

(Appendix A, Table S3.5).  An optimised FloraSeries Hydroponic fertiliser (GHE, Fleurance, 

France) (Appendix A); 1 mL L-1 FloraMicro (M) and 1 mL L-1 FloraBloom (B) (M2B1) was 

also tested for comparison (Table 3.1 - Media composition of f/2, FloraMicroBloom (M2B1), 

and Powdered Cell-Hi range from Varicon Aqua Solutions Ltd.).   

Each culture was pre-acclimated to the respective medium for one week before 

experimentation (preliminary experimentation) in 250 mL flasks with a liquid volume of 150 

mL under the conditions described above (3.3.2).  Preliminary experimentation revealed that 

there was no effect of replacing deionised water with tap water on growth or biochemical 

composition (data not shown) and therefore tap water was used.  Media was added to the 250 

mL flasks with 150 mL media under non-sterile conditions (no autoclaving or filter 

sterilisation) and compared to the control (f/2 filter sterilised).   



 

65 | P a g e  

Microalgal cultures were harvested by centrifugation (4000 rpm, 10 mins), the pellets 

washed with 0.01 M phosphate buffered saline (PBS) and transferred to a 2 mL Eppendorf 

safe-lock tube, centrifuged (13,000 rpm, 5 mins) and stored at -20°C.   
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Table 3.1 - Media composition of f/2, FloraMicroBloom (M2B1), and Powdered Cell-Hi 

range from Varicon Aqua Solutions Ltd.  

mM f/2 M2B1 F2P JWP WP Instant Ocean Seawater 

Total N 0.88 7.14 0.99 0.64 1.02 - 

Phosphate 0.04 0.35 0.04 0.02 0.02 - 

Sodium 0.93 - 1.03 0.08 0.08 430.24 

Potassium  - 0.70 0.10 0.06 - 13.25 

Magnesium - 1.23 - 92.22 - 49.86 

Sulphur 0.12 1.56 0.46 9.23 - 25.15 

Calcium - 3.49 - 46.50 - 9.16 

Bicarbonate - - - - - 3.00 

µM f/2 M2B1 F2P JWP WP Instant Ocean Seawater 

Copper 0.04 3.15 0.05 - 0.10 - 

Cobalt 0.08 - 0.09 - 0.09 - 

Iron 11.65 42.98 14.32 3.26 6.02 - 

Manganese 0.91 14.56 1.09 8.40 2.23 - 

Molybdenum 0.02 0.83 0.03 2.28 0.05 - 

Zinc 0.08 4.59 0.10 - 0.20 - 

Boron - 18.50 - 13.50 429.90 - 

mg L-1 f/2 M2B1 F2P JWP WP Instant Ocean Seawater 

Vitamin B12 (cyanocobalamin) 0.03 0.03 0.57 8.98 0.30 - 

Vitamin B1 (Thiamine HCl) 0.10 0.10 113.26 9.97 29.40 - 

Vitamin H (Biotin) 0.03 0.03 0.57 1.99 0.60 - 
 

f/2 M2B1 F2P JWP WP Instant Ocean Seawater 

N/P ratio 24.50 20.40 24.75 33.68 53.68 - 

NPK ratio - - 9 2 2 4 1 7 14 1 3 - 

 

 

3.3.4. Indoor/outdoor cultivation in a prototype airlift 
photobioreactor  

A proprietary demonstration scale 10 L airlift glass tubular photobioreactor (ALR) 

PhycoLift  (8 L working volume) similar to that described by Lizzul (2016) was supplied by 

Varicon Aqua Solutions Ltd. (details in Appendix A) and setup at the University of Sheffield 

for outdoor cultivation in a greenhouse without temperature control and utilising only natural 

sunlight (Figure 3.1).  For the indoor trial the PBR was illuminated with light emitting diode 
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(LED) lamps (4000K, 10 W, BD03, RoHS) at 143 µmol photons m-2 s-1 for the first 7 d and 

increased to 221 µmol photons m-2 s-1 (12 h light:dark) (to be representative of the outdoor 

PBR) until day 15 and the temperature was controlled at 22  1°C.  The Reynolds number was 

approx. 7000 and the residence time was ~25 s.  The reactor was aerated at 5 lpm (0.625 vvm) 

using a 20 W ACO-308 air compressor (Hailea, China) and was controlled through flow 

gauges and connected using 8 mm polypropylene tubing.  pH was controlled on demand at pH 

7.8.  

 

Figure 3.1 – Airlift photobioreactor provided by Varicon Aqua Solutions Ltd used in the outdoor study 
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A culture pre-acclimated to JWP as described in 3.3.2 and 3.3.3. was used to inoculate 

a 5 L Duran bottle, containing 4 L of JWP Cell-Hi range (0.4 g L-1) at an inoculation of 10% 

(v/v).  The culture was aerated at 3 lpm (0.7 vvm) (filtered air 0.22 µm), and maintained at 22 

 1ºC with a continuous irradiance of ca. 250 µmol photons m−2 s−1. Cells from the 5 L Duran 

bottle were harvested during late-log, centrifuged, washed as above and inoculated at 0.1 g L-

1 (ca. 5 x 106 cells mL-1) for a one-week acclimation period to the indoor and outdoor setting 

and then the repeated fed-batch experiment was conducted.   

To avoid nitrate and phosphate limitation Cell-Hi JWP (0.4 g L-1) was added at two 

time points: day 0 and after 7 d to avoid nutrient limitation.  On day 15, the reactor volume 

was harvested to a biomass concentration of ~0.1 g L-1 and supplied with fresh JWP medium.  

Before the harvest, 6 mm diameter silicon BioBeads (Varicon Aqua, UK) were added to 

remove the fouling in low flow areas and collected using a sieve. 

Light impinging on the reactor surface was monitored using a digital lux meter MM-

LM01 (Max Measure, UK) and logged every 5 mins (LuxMeter Communication Tool). The 

daily total irradiance (mol photons m-2 d-1) was obtained from the sum of the recorded light 

intensity (µmol photons m-2 s-1) recorded daily.  pH was monitored every 30 mins using a 

NeuLog pH logger sensor (Westlab, US) and logged on a laptop through NeulogTM software.  

The PBR temperature was monitored every 30 mins using an RC-4 temperature logger 

(Ellitech, UK).  

A sample was taken daily at the same time (11 am) for OD, cell count, DW, dissolved 

inorganic nitrate (DIN) and dissolved inorganic phosphate (DIP).  Samples for bacterial 

enumeration (1 mL) and dissolved inorganic carbon (DIC) (5 mL) were taken every other day 

(5 mL).  Samples for biochemical composition determination (5 mL triplicate aliquots) were 

taken every 2 days for the indoor and outdoor system and lyophilized. The supernatant of the 

culture obtained after centrifugation was filtered through a 0.22 µM filter (Sartorius, UK), 

frozen at -20ºC and lyophilized for extracellular fatty acid analysis. 
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3.3.5. Growth and fatty acid profiles of isolated commensal bacteria  

Growth (OD600) experiments with bacterial strains in monocultures were performed in 

TC-Treated 24-well microplates (Corning® Costar) with a ‘modified marine broth’; f/2 

medium, 33 g L-1 Instant Ocean, 5 g L-1 peptone (Sigma, UK), 1 g L-1 yeast extract (Sigma, 

UK).  Initially a single colony forming unit (CFU) was placed into 6 mL of modified marine 

broth in 15 mL Falcon tubes and cultivated for 24 h in an Innova incubator (150 rpm) at 37°C, 

this was repeated in triplicate.  Three millilitres of modified marine broth were added to the 

microplate and the bacteria monocultures were inoculated at OD 600 nm ~0.1.  A blank (f/2 

marine broth) was used to confirm there was no contamination between wells.  The isolates 

were cultivated for 5 d (kinetic cycles = 121) using a Tecan machine with culture settings as 

follows: 22-26°C, shake duration 1000 s, kinetic interval 1600 s.   

For fatty acid analysis of the bacteria, 5 mL of culture from the 15 mL Falcon tube was 

also analysed using direct transesterification of the frozen (-20ºC) wet biomass (3.3.6.4).  In 

addition, a bacterial biofilm and the P. tricornutum culture obtained from the outside PBR run 

2 after 15 d were analysed to determine the fatty acid profiles. 

 

3.3.6. Analytical methods 

3.3.6.1. Biomass sampling and determination of microalgal cell growth 

Microalgae cell concentration were determined using an Advanced Neubauer 

haemocytometer (BS-748, Hawksley) and a microscope (BX51, Olympus).  The cells were 

counted using Image J software (Labno, University of Chicago): https://www.unige. 

ch/medecine/bioimaging/files/3714/1208/5964/CellCounting.pdf. The maximum growth rate 

(µ) was calculated according to Butler et al. (2018) but as a function of each day.  Dry weight 

was performed by centrifugation at (4000 rpm,10 mins) of 5 mL of samples, washed with 20 

mL of 0.01 M phosphate buffered saline (PBS) to remove any adhering medium etc. 

transferred to a 2 ml Eppendorf safe-lock tube, centrifuged at (13,000 rpm, 5 mins) (12,500 g) 

and stored at -20°C.  The samples were then lyophilised (CoolSafe freeze dryer, Labogene, 

Denmark) and weighted using a 5 d.p. balance (Sartorius, UK) for subsequent data analysis 
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(chlorophyll a, protein, carbohydrate, and FAMEs), approximately 2 mg of dried microalgal 

sample was used.   

 

 

3.3.6.2. Determination of dissolved inorganic nitrogen (DIN), dissolved inorganic phosphate 

(DIP) and dissolved inorganic carbon (DIC) from the supernatant 

Dissolved inorganic nitrogen (DIN) in the media was determined at OD220 nm as 

described in Collos et al. (1999).  Dissolved Inorganic Phosphate (DIP) in the media was 

determined following the method of Strickland and Parsons (1968) and the OD885 nm reading 

was taken after 15 mins (longer times did not result in significantly different values, data not 

shown).  Dissolved inorganic carbon (DIC) was calculated using the back-titration procedure 

described by Chen et al. (2016).  Detailed descriptions of these methods are found in Appendix 

A.   

 

3.3.6.3.Biochemical composition (chlorophyll a, protein, carbohydrate) 

Combined extraction of chlorophyll a, carbohydrate, and protein was carried out 

according to Chen and Vaidyanathan (2013) with slight modification (Appendix A) using 

approximately 2 mg of lyophilised biomass.   

 

3.3.6.4. Fatty acid analysis and EPA determination using direct transesterification 

A modified version of Kapoore et al. (2019) was used for fatty acid methyl ester 

(FAME) direct transesterification using direct transesterification on the dry biomass with 

methanolic-HCl (7%) replacing BF3 as the acid catalyst (Appendix A).   

 

3.3.6.5. Fucoxanthin analysis 

Fucoxanthin content was determined with a slightly modified spectrophotometric 

method by Wang et al. (2018) after washing 5 mL of pelleted culture with deionised water and 

extraction with 5 mL 100 % ethanol .   
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3.3.6.6.Bacterial isolation, identification and enumeration 

Commensal bacteria from the Cell-Hi media screen experimental cultures, and the 

indoor/outdoor PBRs were isolated by streaking out to form single colonies on a ‘modified 

marine agar medium’ with the growth medium supplemented with 33 g L-1 Instant Ocean, 5 g 

L-1 peptone (Sigma, UK), 1 g L-1 yeast extract (Sigma, UK) and 15 g L-1 agar.   

Genomic DNA was extracted using colony PCR by using a sterile pipette tip to take a 

single colony and this was re-suspended in 100 µl sterile deionised water and heated at 98°C 

for 10 mins in a Thermal Cycler (Applied Biosystems, USA).  Colony PCR 16S rRNA genes 

were amplified from the bacterial isolates using primer pair 27F (5’-

AGAGTTTGATCMTGGCTCAG-3’) (Lane et al., 1991) and 1492R (5’-

GGTTACCTTGTTACGACTT-3’) (Turner et al., 1999).  All PCR reactions with a final 

volume of 50 µl contained: 28.5 µl deionised H2O, 5 µl genomic template DNA, 10 µl 5 x 

Phusion HF buffer, 1 µl 10 mM dNTPs, 2.5 µl 10 µm of each primer, and 0.5 µl Phusion DNA 

polymerase (Phusion high-fidelity PCR kit, Thermo, UK).  PCR was performed in a 

thermocycler (Applied Biosystems, USA) under the following conditions: initial denaturing 

step of 1 min at 98°C followed by 35 cycles of denaturing (98°C for 10 s), annealing (58°C or 

56°C for 15 s), and elongation (72°C for 45 s).  A final elongation step was performed at 72°C 

for 8 mins.  Products for two replicate PCR amplifications with clear white bands (ca. 1.5 kbp) 

were combined for each sample and purified using a QIAquick PCR purification kit (Qiagen 

Inc., CA).  Products were sequenced using a BigDye® Terminator kit v3.1 (Applied 

Biosystems) and analysed using an ABI 3730 DNA sequencer (Applied Biosystems). The 16S 

rDNA sequences were compared against the GenBank database using the NCBI Blast 

program.   

From each treatment and time point 1 mL of culture was added to 9 mL of Maximum 

Recovery Diluent (MRD) (with 33 g L-1 Instant Ocean, 1 g L-1 peptone and 8.5 g L-1 sodium 

chloride and adjusted to pH 7.0) and vortexed for 10 s.  Serial 10-fold dilutions were made in 

triplicate of the homogenate in MRD.  From each dilution, the pour plate technique was used, 

and an aliquot (0.1 mL) of appropriate dilution factor of the homogenate was plated out.  The 
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plates were incubated aerobically at room temperature and counted after 3 days.  Bacterial cell 

numbers were estimated by counting colony-forming units (CFU) and only reads between 30 

and 300 CFU were used. 

 

3.3.6.7.Scanning electron micrograph imaging of biofilm 

The biofilm was spread evenly on a glass slide and allowed to dry in a laminar flow.  

Specimens were fixed in 3% Glutaraldehyde (G7776, Sigma Aldrich) in 0.1 M Sodium 

Phosphate overnight.  Specimens were washed twice (0.1M phosphate buffer) with 10 min 

intervals at 4°C.  The cells were post-fixed in a 1% aqueous osmium tetroxide solution for 1 

hour at room temperature.  The fixed cells were rinsed and dehydrated at room temperature 

through a graded series of ethanol: 75, 95, 100 and 100 % ethanol for 15 mins, followed by a 

final dehydration step with 100% ethanol for 15 mins.  The samples were then lyophilized   

mounted on aluminium stubs, attached with Carbon Sticky Tabs, and coated with 

approximately 25 nm of gold in an Edwards S150B sputter coater.  Fixed cells were examined 

using a JSM-6010LA InTouchScopeTM Multiple Touch Scanning Electron Microscope (JEOL 

Ltd., Japan) at an accelerating voltage of 15Kv. 

 

3.3.6.8.Statistical analysis 

Each treatment was performed in triplicates and the mean and standard error of the 

dependent variables are presented in the results.  Statistical analysis of the experimental data 

was conducted using SPSS statistical software (SPSS Statistics 26, IBM).  The data was tested 

for normality using a Kolmogorov-Smirnov test and if these data were normally distributed 

(P>0.05) they were subsequently tested for equal variance using Levene’s test.  If variances 

were considered equal then a one-way ANOVA/MANOVA and a post-hoc Tukey’s test was 

utilised to understand where the differences were.  If samples were not normally distributed 

(P<0.05) then a Kruskall-Wallis and post-hoc Dunn’s non-parametric comparison was 

undertaken to understand the changes.  The statistical difference of each set of experiments 

was studied with the analysis of the P value. In addition, this value was used to select 

parameters that were significant. 
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3.4.  Results and discussion 
 

3.4.1. Evaluation of powdered Cell-HI range compared with 
FloraMicroBloom and standard f/2 under non-sterile 
conditions 

The aim was to evaluate the use of powdered media for the cultivation of 

P. tricornutum and its effect on growth and biochemical composition (primarily fucoxanthin, 

EPA and protein).  The range of powdered media was compared: Varicon Cell-Hi, the 

optimised hydroponics medium formulation (M2B1) (Appendix A) compared with sterilised 

f/2 medium as the control.  

3.4.2. Growth and biochemical composition 

A maximum cell density (1.69 x 107 cells mL-1) and biomass concentration (0.45 g L-

1 DW) was observed with Cell-Hi JWP which was higher when compared with the sterilised 

f/2 control medium (1.26 x 107 cells mL-1
, 0.34 g L-1) and M2B1 (1.46 x 107 cells mL-1

, 0.35 g 

L-1) but only the biomass concentration was significantly higher (p<0.01) (Figure 3.2).  The 

biomass concentration attained after 7 days with f/2 medium was similar to that obtained by 

Penhaul Smith et al. (2020) after 3 weeks using the same medium, but in the current study a 

higher light intensity and continuous light was applied which likely resulted in higher growth.  

Biochemical analysis was conducted after 7 days of cultivation to determine if the content and 

yield of fucoxanthin, EPA, and protein were higher in M2B1 compared with the Cell-Hi 

powdered range and if there was any effect on the chlorophyll a content.   

The highest fucoxanthin (1.33 % DW), EPA (3.31 % DW), protein (46.38 % DW), 

TFA (9.61 % DW), and chlorophyll a content (1.62 % DW) was observed with JWP.  The 

EPA content was 1.4-fold higher than the f/2 sterile control (2.34 % DW) and the fucoxanthin 

content was >1.6-fold higher than the f/2 sterile control.  In comparison, 0.72 % DW 

fucoxanthin was obtained in the axenic P. tricornutum UTEX 646 and increased to 1.23 % 

DW with a commensal bacterium, cultivated under similar conditions using f/2, 20°C without 

CO2 addition (Vuong et al., 2019). 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

Figure 3.2 - Comparison of Varicon Cell-Hi range powders with f/2 control (sterile), f/2 (non-
sterile) and optimal FloraMicroBloom formulation (M2B1): a) cell count, b) biomass 
concentration, c) biomass productivity and chlorophyll a content, d) Eicosapentaenoic acid (EPA) 
and fucoxanthin content, e) protein, carbohydrate and fatty acid methyl ester (FAME) content, f) 
fatty acid composition (%) 
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3.4.3. Performance of powdered and hydroponics media: cost, 
biomass productivity and product yields 

In a commercial setting, agricultural fertilisers typically replace pure chemicals (Acién 

et al., 2012).  When evaluating the cost of a medium two key factors need to be taken into 

account; the cost of the medium itself and the time taken for preparation.  The commercial 

baseline medium (f/2) was found to be the most expensive (£966 per m3 including mixing and 

labour cost) but the benefit is that it only takes 1 h to prepare the media for microalgal 

cultivation saving time and operating expenditure (OPEX).  Comparatively laboratory f/2 

costs £53.89 per m3 and is considerably cheaper, but the trade-off is that several powders have 

to be weighed out and stock solutions have to be made (requiring up to four hours) increasing 

media preparation time.  In addition, there is a risk of the stock solutions being contaminated 

by microorganisms such as fungi and a requirement for refrigeration space to store the 

solutions.   

Varicon’s Cell-HI powders were found to be more economical than the hydroponics 

medium (FloraMicroBloom) and laboratory media with Cell-Hi F2P being the most 

economical (£20.60 per m3) and > 2-fold cheaper than laboratory f/2 in terms of media cost 

alone when taking into account media preparation.  Overall, due to the medium cost and 

biomass concentrations attained, the most economical medium for P. tricornutum was Cell-

Hi JWP (£52.53 per kg dry biomass). 

The highest fucoxanthin (0.77 ± 0.05 mg L-1 d-1), EPA (1.91 ± 0.23 mg L-1 d-1) and 

protein (26.87 ± 0.89 mg L-1 d-1) yields were obtained with JWP medium which were 

significantly higher than the other media (p<0.05) (Table 3.).  Interestingly, JWP has a lower 

nitrogen concentration than the other media but it is possible that that JWP performed better 

than the other media as it was higher in magnesium, sulphur, calcium, cyanocobalamin 

(vitamin B12) and biotin (vitamin H) (Table 3.1).  It is also possible that as P. tricornutum 

cultivated with JWP resulted in a higher biomass concentration, there was a lower light per 

cell/gram of biomass, which could have resulted in an increase in fucoxanthin and EPA as 

these are both accumulated under low light (Butler et al., 2020).  Since the interest was mainly 

on the production of high value products (fucoxanthin and EPA) and protein from P. 

tricornutum, it was thus decided that JWP was the optimal medium for scaling up. 
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Table 3.2 - Biomass, product yields, and economic analysis (March 2021) of media after 7 d cultivation 
comparing f/2, Cell-Hi powdered range and FloraMicroBloom hydroponics (M2B1) 

 f/2 Cell-Hi F2P Cell-Hi JWP Cell-Hi WP M2B1 

 Biomass concentration (g L-1) 

DW  0.34 ± 0.01 0.33 ± 0.00 0.45 ± 0.01 0.36 ± 0.01 0.35 ± 0.01 

 Biochemical yield (mg L-1 d-1) 

Chlorophyll a 0.37 ± 0.02 0.41 ± 0.04 0.94 ± 0.14 0.54 ± 0.05 0.63 ± 0.01 

Protein 15.69 ± 0.85 16.07 ± 1.22 26.87 ± 0.89 

16.73 ± 

1.58 

20.07 ± 

1.89 

Carbohydrate 5.77 ± 1.01 4.29 ± 0.18 5.34 ± 0.56 4.43 ± 0.42 3.41 ± 0.24 

FAME 3.58 ± 0.06 3.22 ± 0.04 5.53 ± 0.73 4.11 ± 0.46 3.36 ± 0.44 

EPA 0.9 ± 0.03 0.94 ± 0.04 1.91 ± 0.23 1.14 ± 0.08 0.99 ± 0.13 

Fucoxanthin 0.32 ± 0.04 0.31 ± 0.01 0.77 ± 0.05 0.36 ± 0.02 0.54 ± 0.01 

 Medium cost 

Cost per m3 5.80 2.56 5.38 4.44 26.67 

 Medium preparation cost 

Cost per m3 

(media/mixing/labour) 53.89 20.60 23.42 22.48 38.78 

Cost per kg microalga 

biomass (DW) 156.70 61.80 52.53 62.88 109.53 

 
*Commercial f/2 (Sigma Aldrich) costs £954 per m3 and £966 per m3 when mixing and labour is taken into 

account 

Hydroponics media cost based on purchasing 5 L quantity from:  

https://www.amazon.co.uk/s?k=flora+microbloom&ref=nb_sb_noss (Accessed 20/03/2021) 

3.4.4. Commensal bacterial isolation, identification and enumeration 

 
At industrial scale, axenic conditions are nearly impossible to attain, especially in open 

culture systems (Croft et al., 2005; Kazamia et al., 2012).  Microalgae and bacteria are known 

to cohabitate and interact in aquatic environments (Yao et al., 2019).  Microalgae live closely 

associated with heterotrophic bacteria which may utilise secreted microalgal-derived organic 

substances such as extra polymeric substances (EPS) as a carbon source (Buhmann et al., 

2016).  From this mutualistic relationship, bacteria can also promote microalgal growth by 

reducing dissolved oxygen concentration and consuming organic material secreted by 

microalgae (Han et al., 2016).  Macro- and micronutrients have an essential role in the 

interactions between the two organisms and it has been revealed that vitamins, iron and 
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carbon-containing compounds are usually exchanged between them (Helliwell et al., 2011; 

Vuong et al., 2019). 

It was decided to identify and quantify the commensal bacteria population in a series 

of minimal media (f/2, Cell-Hi range and M2B1) without organic carbon addition in non-

sterile and sterile conditions to compare the bacteria composition compared with P. 

tricornutum growth.  Three bacterial species were identified with Marinobacter sp. and 

Halomonas sp. detected in all media but Algoriphagus sp. was only detected in f/2 (both sterile 

and non-sterile) and Cell-Hi F2P.  After 7 d of cultivation in each medium, the highest bacterial 

content was observed in P. tricornutum cultivated with M2B1 (1.52 x 105 cells mL- 1) and the 

lowest content was observed with Cell-Hi F2P (2.67 x 104 cells mL-1) which was significantly 

lower (Figure 3.3) and it is possible that there was more carbohydrate excreted as a substrate 

in M2B1.  Carbohydrates leaked into the medium by the microalgae are known to provide the 

carbon source for the commensal bacteria to grow (Han et al., 2016).  The bacteria count could 

also have been higher in M2B1 because there was more total nitrogen available in the media 

and some bacteria have been found to take up dissolved inorganic and organic nitrogen and 

bacteria can account for 38 % of total ammonium uptake (Veuger et al., 2005).  Interestingly, 

over the 7 d cultivation period there was a decrease in the total bacterial count in all media 

compositions and the community composition changed (Figure 3.3).  On day 1, Halomonas 

sp. was dominant (>94 %) in all media compositions but on day 4 the composition decreased 

to <79 % and on day 7 to <50 %, with a subsequent increase in Marinobacter sp.  Algoriphagus 

sp. was only observed in f/2 and F2P Cell-Hi throughout the cultivation period but was <2 % 

of the bacterial composition.  It must be noted that other non-cultivable bacteria are likely to 

be present and the modified marine agar medium only provides a ‘snapshot’ of the bacteria 

present. 
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a) 

 

b) 

 

c) 

 

Figure 3.3 – Commensal bacterial composition over a 7 d cultivation period; a) after 1 d, b) 
after 4 d and c) after 7 d of algal cultivation. 

 

In the literature, marine agar has commonly been used to isolate marine bacteria from 

P. tricornutum (Soto et al., 2005; Vuong et al., 2019; Chorazyczewski et al., 2021).  For 

bacteria identification from microalgae (including P. tricornutum), typically 16 S sequencing 
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is used (Moejes et al., 2017; Vuong et al., 2019), but recently advanced techniques such as 

nanopore sequencing (MinION) (https://earthmicrobiome.org/), Illumina sequencing, and 

metagenome-based analyses (including marker genes) have been explored for bacteria 

identification (Krohn-Molt et al., 2017; Moejes et al., 2017; Shi et al., 2018; Kimbrel et al., 

2019) and these should be adopted for P. tricornutum cultures to determine the community 

composition. 

P. tricornutum has been found associated with commensal bacterial isolates which 

appear to be strain dependent.  The Rhodobacteraceae were found to be dominant in the P. 

tricornutum mesocosms in one study (Kimbrel et al., 2019), but the Proteobacteria were found 

to be the most abundant bacteria (>95 %) isolated from P. tricornutum MASCC, Yellow Sea, 

China where 58 known species were found using 16 S barcoding using the V4 region and 

Illumina HiSeq sequencing (Shi et al., 2018).  Comparatively, Proteobacteria, Bacteroidetes, 

Actinobacteria, and Firmicutes were found to be associated with P. tricornutum CCAP 

1052/1B (Moejes et al., 2017).  Muricauda, Algoriphagus, Devosia, Marinobacter and 

Alcanivorax spp. have been isolated from strain ‘Flour Bluff’ (Chorazyczewski et al., 2021).  

Comparatively, Stappia sp., Halomonas sp., Rhizobium sp., Microbacteria sp., and Isomarina 

sp. have been isolated from P. tricornutum UTEX 646 cultures, with Stappia sp. observed to 

be the most abundant (Vuong et al., 2019).  Micrococcus sp. and Alteromonas sp. have been 

isolated from an unknown strain of P. tricornutum (Le Chevanton et al., 2013).  Two novel 

bacterial species (Mameliella phaeodactyli and Phaodactylibacter xiamenensis) have been 

isolated from a P. tricornutum strain isolated from Xiamen, China (Chen et al., 2019). 

Bacteria and P. tricornutum have been observed to show a mutualistic relationship 

where the bacteria secrete ammonium (e.g. from methylamine), vitamins, and growth-

promoting factors, and may play a role in regulating nitrogen metabolism enabling the diatom 

to grow, whilst P. tricornutum secretes organic material such as free amino acids for the 

bacteria to grow (Shi et al., 2018; Suleiman et al., 2016; van Tol, 2019).   

Some bacteria such as Halomonas sp., Rhizobium sp., Microbacteria sp., and 

Idomarina sp. have no effect on the growth of P. tricornutum (Vuong et al., 2019). Whereas, 

Alteromonas isolated from P. tricornutum has shown enhanced biomass accumulation in other 

microalgae (Le Chevanton et al., 2013).  Stappia sp. K01 (intact cells) and Arenibacter spp. 

https://earthmicrobiome.org/
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isolated from P. tricornutum result in a higher algal growth rate, and Stappia sp. K01 also 

results in a higher chlorophyll and fucoxanthin content (Johansson et al., 2019; Vuong et al., 

2019).  Marinobacter sp. has been found to result in an increase in biomass concentration and 

lipid content (Chorazyczewski et al., 2021).  Marinobacter FL06 was found to induce 

flocculation in P. tricornutum and it has been theorised that chemotaxis is involved (Lei et al., 

2018).  On the other hand, Micrococcus sp. has been shown to have algicidal behaviour in 

some microalgae (Le Chevanton et al., 2013), and Algoriphagus sp. and Muricauda sp. 

resulted in decreases in biomass concentration and lipid content in P. tricornutum 

(Chorazyczewski et al., 2021).  Furthermore, Kordia algicida can release a protease which 

lyses P. tricornutum (Cao et al., 2019).  Labrenzia sp. KD531 has also been observed to lyse 

P. tricornutum cells (Chen et al., 2017). 

P. tricornutum has been observed to secrete allelopathic chemicals and further work 

should be conducted on microalgal-bacterial interactions determining the metabolites involved 

through metabolomics.  

 

3.4.5. Nitrate and phosphate uptake 

The nitrate and phosphate content in the medium was analysed throughout the 

cultivation, and the uptake rates were calculated to determine if nitrate and phosphate uptake 

could be correlated to each other and with higher microalgal cell growth.   

It did not appear that nitrate and phosphate uptake rate were correlated with growth 

(P. tricornutum cultivated in JWP had the highest growth rate, but a low nitrate and phosphate 

uptake rate).  Nitrate and phosphate uptake also did not appear to be correlated to each other.  

However, it was interesting to observe that nitrate uptake was higher in all cultures than 

phosphate (up to 19-fold increase).   

After the 7 d cultivation period, nitrate was limiting (<90 µM) in all media, with the 

exception of M2B1 (253 µM remaining) (Figure 3.4, a).  The highest DIN cellular uptake (352 

µM pM cell-1 d-1) and biomass uptake rate (9.48 mM g-1 DW) were observed in f/2 medium 

after the first day, but this was not statistically higher than when P. tricornutum was cultivated 

in F2P.  The highest average uptake rate (3.80 mM g-1 DW) was observed in f/2 cultures which 
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were significantly higher than in Cell-Hi WP, JWP and M2B1 (p<0.05).  The nitrate uptake 

rate in the f/2 formulations was significantly higher than in Cell-Hi JWP and WP (p<0.05).  

However, it is unknown why this was the case.  Sodium at >2.6 mM facilitates nitrate uptake 

but the sodium content was similar in all media (~443 mM) so this is unlikely to have 

contributed (Rees et al., 1980) (Appendix A).   

During the 7 d cultivation period phosphate was depleted from the medium after 1 d in 

sterile f/2, non-sterile f/2 and Cell-HI F2P, after 2 d in Cell-Hi-WP cultures, and after 3 d in 

JWP, but was not depleted in M2B1 (54 µM available) (Figure 3.4, e).  The highest DIP 

cellular uptake (56 µM pM cell-1 d-1), biomass uptake rate (2.99 mM g-1 DW) and average 

uptake rate (0.90 mM g-1 DW) were observed in M2B1 medium after the first day.  The uptake 

rate per gram dry biomass was significantly higher (p<0.05). As phosphate was depleted from 

the medium in all treatments (except M2B1) it is possible that P. tricornutum was phosphate 

starved which could have accounted for the higher carbohydrate and TFA content compared 

with cultivation in the M2B1 medium (Figure 3).  Adaptation to phosphorous starvation is 

complex and often polyphosphate is utilised, followed by phospholipids (Abida et al., 2015).  

During limited availability of DIP, microalgae can access organically bound phosphorus 

through the secretion of alkaline phosphatases and 5’-nucelotidases construction of 

extracellular phospholipids, proteins and nucleic acids (Buhmann et al., 2016).  5’-

nucleotidase activity has been detected at the P. tricornutum plasma membrane and alkaline 

phosphatase activity at the cell walls and as an extracellular component (Buhmann et al., 2016; 

Flynn et al., 1986).  Alkaline phosphatase is 40-60 % more abundant in axenic cultures of 

CCAP 1055/1 and it has been believed that bacteria could contribute to phosphorous 

acquisition (Buhmann et al., 2016). 
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a) 

 

e) 

 

b) 

 

f) 

 

c) 

 

g) 

 

d) 

 

h) 

 

Figure 3.4 – Nitrate uptake; a) dissolved inorganic nitrate (DIN) in the medium, b) DIN uptake 
per cell, c-d) DIN uptake per gram biomass, and phosphate uptake; e) dissolved inorganic 
phosphate (DIP) in the medium, f) DIP uptake per cell and g-h) DIP uptake per gram biomass 
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As JWP was a cost effective medium and resulted in the highest biomass concentration 

and yield of fucoxanthin, EPA, and protein, and a relatively low bacteria content it was further 

investigated for comparing growth and biochemical composition in an indoor and outdoor 

prototype airlift PBR. 

3.4.2.  Indoor and outdoor cultivation in a prototype airlift PBR; a fed-batch approach 

3.4.2.1. PBR setup and environmental conditions 

The aim was to evaluate the performance of P. tricornutum towards a biorefinery 

chassis comparing indoor and outdoor cultivation.  Details about the reactor configuration can 

be found in Appendix A.  During the one-month cultivation there was no relationship observed 

between irradiance and temperature (Appendix A).  This was surprising as irradiance and 

temperature were strongly correlated in Bergen, Norway (Steinrücken et al., 2018).  The 

minimum temperature observed during run 1 in September was 8°C, the maximum was 18°C 

and the average was 13°C (Table 3.2).  Comparatively for run 2 in late-September and October 

the minimum temperature observed was 8°C, the maximum was 19°C and the average was 

12°C (Table 3.2).  The culture temperature varied significantly during the day (14-21°C) and 

night (as low as 1°C to 14°C).  The greatest fluctuations during 24 h were between 10°C at 

night and 21°C during the day. 

The average photoperiod in run 1 in September was 12 h with an average daylight 

intensity of 118 µmol photons m-2 s-1 impinging upon the surface of the reactor (Table 3.2).  

The maximum daylight impinging upon the reactor was 221 µmol photons m-2 s-1.  The average 

sum of daylight was 5.2 mol photons m-2 d-1.  The average photoperiod in run 2 in late-

September and October was 12.5 h with a reduced average daylight intensity of 82 µmol 

photons m-2 s-1 impinging upon the surface of the reactor.  The maximum daylight impinging 

upon the reactor was 235 µmol photons m-2 s-1.  The average sum of daylight was 3.2 mol 

photons m-2 d-1.  Overall, the light intensities and temperatures investigated in this study were 

lower than other studies in Italy, China, Spain, Chile and Norway (Branco-Vieira et al., 2020; 

Fernández Sevilla et al., 2004; Steinrücken et al., 2018; Wang et al., 2018a; Zhang et al., 2018).   
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The average DIC concentration after 1 d was 3327 and 2847 µmol kg-1 for the indoor 

and outdoor PBR respectively (Figure 3.5) and a pH was maintained at 7.8 which ensured >95 

% of the carbonic species were in the form of bicarbonate.  The supply rate was expected as 

reported by Chen et al. (2016). 

 

3.4.2.2. Growth and biomass productivity 

In the current study P. tricornutum CCAP 1055/1 always predominated as the fusiform 

morphotype (>97 %) with the remainder being a mixture of oval and triradiate (data not 

shown).  CCAP 1055/1 has previously been observed to dominate in the fusiform morphotype 

(De Martino et al., 2007).   

The final biomass concentration attained indoors was 1.56 and 1.59 g L-1 DW after 15 

days for the first and second run respectively (Figure 3.5).  Comparatively outdoors the 

biomass productivity was higher in the first run (1.13 g L-1 DW) than the second run (0.93 g 

L-1).  The lower biomass concentration in the second run was likely due to lower light and 

colder temperatures towards the end of the run.  A similar biomass concentration (1.3 g L-1) 

was achieved in indoor cultivation using a 20 L hanging bag PBR at a similar light intensity 

and temperature to the current study (120 µmol photons m-2 s-1 and 23°C) with continuous 

CO2 supply at 1 % (Wang et al., 2018).   

The volumetric biomass productivity indoors (0.10 g L-1 d-1) was significantly higher 

than the final volumetric productivities outdoors for run 1 (0.07 g L-1 d-1) and run 2 (0.05 g L-

1 d-1) (p<0.05) (Table 3.2).  The average areal biomass productivity for the indoor cultivation 

(4.26 g m-2 d-1) was higher than run 1 and run 2 outdoors (2.90 and 2.34 g m-2 d-1 respectively).  

The average yield on light was lower for the indoor run (0.54 g mol-1), compared with 0.43 

and 0.82 g mol-1 for the outdoor runs, 1 and 2 respectively.  This could be attributable to the 

higher average light intensity indoors.   
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a) 

 

b) 

 

c) 

 

d) 

 

Figure 3.5 – a) Biomass concentration over time, b) cell count, c) µmax (d-1) and d) dissolved 
inorganic carbon supply (DIC supply) after day 1.  The indoor run is the average of two repeated 
fed-batch runs 
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Table 3.2 – Biomass (specific growth rate and productivity) of P. tricornutum after 15 d cultivation indoors and outdoors using a fed-batch 
approach  

 

 

 

 

 

 

 

Indoor Outdoor run 1 Outdoor run 2

Mean temperature (°C) 22 ± 1 12.56 ± 0.78 12.41 ± 0.82

Mean total daily light (mol photons m-2 d-1) 6.22 (first 7 d), 9.61 (8-15 d) 5.19 ± 2.07 3.22 ± 1.29

Mean light intensity (µmol photons m-2 s-1) 143 (first 7 d), 221 (8-15 d) 117 ± 45 82 ± 33

Biomass Specific growth rate (d-1) Average 0.16 ± 0.00 0.14 ± 0.00 0.12 ± 0.00

Maximum

Biomass concentration (g L-1 d-1) Final 1.57 ± 0.01 1.13 ± 0.01 0.93 ± 0.01

Volumetric productivity (g L-1 d-1) Final 0.10 ± 0.00 0.07 ± 0.00 0.05 ± 0.00

Areal productivity (g m-2 d-1) Final 4.26 ± 0.01 2.90 ± 0.01 2.34 ± 0.02

Yield on light (g mol-1) Final 0.54 ± 0.00 0.43 ± 0.01 0.82 ± 0.03



 
 
Typically higher biomass productivities, have been achieved in southern latitudes, 

with 1.4 g L-1 d-1 attained in Spain for UTEX 640 with a higher mean daily irradiance (1100 

µmol m-2 s-1) (Acién Fernández et al., 2003).  In Italy, biomass productivities of 0.31 g L-1 d-

1 were obtained with flat-panels in spring and increased to 0.43 g L-1 d-1in summer after 6 d 

batch cultivation (Rodolfi et al., 2017).  However, information in Western Europe is lacking.  

In The Netherlands, the biomass productivity has been found to range from 0.02-0.27 g L-1 

d-1 for P. tricornutum (Necton) cultivated in outdoor flat panel PBRs in October (average of 

9.58 mol photons m-2 d-2, 200 µmol photons m-2 d-1, temperature control at 20-22°C), with a 

higher biomass productivity attained at lower biomass densities (0.4 g L-1 DW compared with 

1.1 g L-1) (Gao et al., 2020a).  When three different P. tricornutum strains (B58, M28 and 

Fito) were cultivated under Norwegian climate conditions, it was observed that a higher 

biomass productivity (0.25-0.30 g L-1 d-1) was obtained under a higher light intensity in 

Spring (39 mol photons m-2 d-1), compared with summer and autumn (0.09-0.16 g L-1 d-1 at 

20 mol photons m-2 d-1) (Steinrücken et al., 2018).  At 20 mol photons m-2 d-1 biomass 

productivities of 0.16 and 0.10 g L-1 d-1 were achieved at 0.4 g L-1 and 1.1 g L-1 respectively 

(Steinrücken et al., 2018).  Comparatively in winter conditions in Italy (January and 

February), lower biomass productivities (0.03-0.08 g L-1 d-1) were obtained in vertical 

column PBRs (270 L, column height 220 cm, diameter 55 cm) using semi-continuous mode 

(Simonazzi et al., 2019). 

The lower biomass productivities in our study were most likely attributable to the 

limited irradiance (82-117 µmol photons m-2 s-1, 3-5 mol photons m-2 d-1) as higher 

productivities have been observed in Spring and Summer in The Netherlands and Norway 

(Gao et al., 2020a; Steinrücken et al., 2018).  Photorespiration at night could also have 

accounted for lower biomass productivities (Han et al., 2013).  Nitrate and phosphate were 

not found to be limiting throughout growth (data not shown).  Media optimisation, higher 

light intensity/duration through the supplementation of artificial illumination, and using a 
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chemostat or turbidostat mode rather than a fed-batch approach could result in higher biomass 

productivities. 

 

3.4.2.3. Product yields 

In the indoor run, the protein (33 % DW), chlorophyll a (1.3 % DW) and fucoxanthin 

content (0.85 % DW) were higher than in outdoor cultivation but only chlorophyll a and 

fucoxanthin were significantly higher (p<0.05).  Whereas, in outdoor runs 1 and 2, 

carbohydrate (15 and 19 % DW), FAME (8.0 and 8.4 % DW), and EPA (2.5 and 2.6 % DW) 

were higher but only EPA was significantly higher (p<0.05).   

The indoor biochemical composition; protein (26-38 % DW), carbohydrate (10-19 % 

DW), FAME (5-7 % DW), EPA (1.2-2.2 % DW) and fucoxanthin (0.5-1.1 % DW) was 

observed to be more stable than in outdoor cultivation.  In outdoor cultivation the protein 

(21-48 % DW), carbohydrate (14-27 % DW), FAME (5-12 % DW), EPA (1.7-3.6 % DW) 

and fucoxanthin (0.4-1.2 % DW) was more variable.   

Lipid content and EPA yield has been observed to increase with cultivation time up 

to 18 d, whereas fucoxanthin has been observed to reach a maximum at 6 days cultivation in 

the mid-linear growth phase (Wang et al., 2018).  With a decrease in light intensity 

fucoxanthin has been shown to increase (Wang et al., 2018).  Low P. tricornutum biomass 

densities (0.4 g L-1) resulted in a lower fucoxanthin content (1.09 % DW) compared with 

higher biomass densities (1.1 g L-1) at 9.58 mol photons m-2 d-1 (200 µmol photons m-2 s-1) 

(Gao et al., 2020a).  Fucoxanthin is part of the light harvesting complex and high fucoxanthin 

contents have been observed under low light intensity or by the self-shading effect of cells to 

absorb sufficient light for photosynthesis (Gao et al., 2020a; Gómez-Loredo et al., 2016; H. 

Wang et al., 2018).  Fucoxanthin content has been found to decrease as the culture enters 

stationary phase (Wang et al., 2018).  However, no trends in biochemical composition over 

time were observed in the current study and that is likely due to the large fluctuations in 

temperature and light in outdoor cultivation and the fact nitrate and phosphate were 
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supplemented after 7 d to avoid limitation.  As there was a long dark period (~12 h) it is 

possible that short term storage molecules such as protein and carbohydrate were utilised for 

dark respiration.   

There was no statistically significant difference in FAME composition between the 

indoor and outdoor runs.  During indoor cultivation C16:0 (20 % TFAs), C16:1 (32 % TFAs) 

and C20:5 (33 % TFAs) accounted for 84 % of TFAs.  During outdoor cultivation in 

September (run 1) C16:0 (19 % TFAs), C16:1 (34 % TFAs) and C20:5 (32 % TFAs) 

accounted for 86 % of TFAs (Appendix A.  During outdoor cultivation in late-

September/October (run 2) C16:0 (15 % TFAs), C16:1 (28 % TFAs) and C20:5 (30 % TFAs) 

accounted for 73 % of TFAs (Appendix A).  In bubble column and airlift PBRs in outdoor 

cultivation in Almerı́a, Spain, EPA represents between 27-30 % of TFAs and little variation 

was observed in EPA content (2.6-3.1 % DW) (Mirón et al., 2003). 
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a) 

  

b) 

  

c) 

  

d) 

  

Figure 3.6 – Airlift PBR indoor biochemical composition (protein, carbohydrate, FAME, EPA, 
chlorophyll a and fucoxanthin); b) temperature (ºC) and light (mol photons m-2 d-1) daily profiles during 
outdoor run 1 (September) and outdoor run 2 (late-September/October) with c) and d) outdoor 
biochemical composition for run 1 and 2 respectively 
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No relationships were observed between light/temperature and any of the biochemical 

components (protein, carbohydrate, chlorophyll a, fucoxanthin and, FAMEs) or biomass 

concentration/productivity, but there was a weak inverse relationship between temperature 

and EPA (Figure 3.7).  EPA is known to be accumulated under low temperature and a 

reduction in temperature to 10°C from 25°C for 12 h has been shown to result in a 120 % 

increase in EPA yield  (Jiang and Gao, 2004).  The rapid accumulation of EPA in colder 

conditions appears to be a response to maintain membrane fluidity , allowing acclimation to 

low temperature stress (Jiang and Gao, 2004) 

The lower temperatures observed outdoor likely resulted in an increase in EPA.  

Another interesting finding was that fucoxanthin and chlorophyll a were positively correlated 

and this appears to indicate that chlorophyll a could be a good indicator of fucoxanthin 

content in the airlift PBR. 
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a) 

 

b) 

 

Figure 3.7 - Relationship between a) temperature and EPA content and b) chlorophyll a and 
fucoxanthin over the course of the one month indoor and outdoor run 

 

 



 
 

Table 3.3 - Product (content and productivity) from P. tricornutum after 15 d cultivation indoors and outdoors using a fed-batch approach  

 

 

 

 

 

 

 

Indoor Outdoor run 1 Outdoor run 2

Protein Content (% DW) Average 32.58 ± 0.79 30.18 ± 1.36 31.37 ± 1.64

Productivity (mg L-1 d-1) Final 27.93 ± 2.74 15.91 ± 0.15 19.52 ± 0.94

Carbohydrate Content (% DW) Average 14.18 ± 0.69 14.85 ± 0.61 19.48 ± 0.74

Productivity (mg L
-1

 d
-1

) Final 19.78 ± 5.37 12.99 ± 1.48 12.03 ± 0.37

FAMEs Content (% DW) Average 5.69 ± 0.15 8.05 ± 0.44 8.40 ± 0.4

Productivity (mg L
-1

 d
-1

) Final 4.83 ± 0.66 4.56 ± 0.2 3.74 ± 0.12

EPA Content (% DW) Average 1.89 ± 0.07 2.51 ± 0.12 2.59 ± 0.1

Productivity (mg L-1 d-1) Final 1.59 ± 0.28 1.47 ± 0.06 1.22 ± 0.06

Fucoxanthin Content (% DW) Average 0.88 ± 0.03 0.62 ± 0.05 0.66 ± 0.05

Productivity (mg L
-1

 d
-1

) Final 0.74 ± 0.04 0.37 ± 0.02 0.23 ± 0.01
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Protein and carbohydrate content is higher in nitrogen replete conditions compared 

with nitrogen deprived and deplete conditions but lipid content is the inverse (KaiXian and 

Borowitzka, 1993).  Protein content has been found to increase in the later phases of diatom 

cultures (maximum in the late stationary culture phase) and typically constitutes 30-60 % DW 

under nutrient-replete conditions which is used for rapid cell growth (Geider et al., 1985) 

P. tricornutum outdoor cultivation in 200 L bubble column PBRs in Concepción city, 

Chile was reported to result in a protein, lipid, carbohydrate, and fucoxanthin content of 38.40, 

9.08, 7.85 and 0.86 % DW after 14 days in batch production  (Branco-Vieira et al., 2020).   

Lipid content is reported to be lower when cultivated at lower biomass densities (0.3 g 

L-1 DW) but increases at higher biomass concentrations (>0.6 g L-1 DW) with a subsequent 

reduction in protein (Silva et al., 2013).  In N-deficient conditions with higher light intensity, 

lipid increases and protein and carbohydrate content decrease (KaiXian and Borowitzka, 

1993).  In Italy, TFA productivities of 21.75 mg L-1 d-1 were obtained with flat-panels in spring 

and increased to 31 mg L-1 d-1in summer after 6 d batch cultivation (Rodolfi et al., 2017).  EPA 

productivities of 7.25 mg L-1 d-1 were obtained with flat-panels in spring and increased to 9.5 

mg L-1 d-1in summer after 6 d batch cultivation (Rodolfi et al., 2017).   

It has been found that the carbohydrate content is independent of the biomass 

concentration in the absence of light limitation in outdoor cultivation (Branco-Vieira et al., 

2020).  Comparatively in light and nitrogen limited conditions, low irradiance (18 µmol 

photons m-2 s-1) results in an increase in carbohydrate content (27.70 % DW) compared with 

17.50 % DW using 72 µmol photons m-2 s-1 (KaiXian and Borowitzka, 1993). 

 

3.4.2.4. Commensal bacterial population dynamics 

During cultivation no eukaryotic contaminants were observed indoors or outdoors such 

as protozoa or rotifers.  The P. tricornutum culture remained uniagal.  Unsurprisingly, 

commensal bacteria were found to be present and the species present were in agreement with 

the flask screening; Halomonas and Marinobacter.  The bacteria numbers were higher in 

outdoor cultivation compared with indoors.  Nitrogen depletion can limit bacteria reproduction 

(Wen et al., 2020).  It has been reported that the bacterial load is a function of the concentration 

of nitrogen and phosphorus and bacterial growth is positively correlated with nutrient 

availability (Wen et al., 2020).  No nitrate limitation was observed during the cultivation 

period (data not shown).  The bacterial populations both indoors and outdoors were less 
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numerous than P. tricornutum.  Interestingly, the bacteria showed a sinusoidal profile with a 

population shift occurring between Halomonas and Marinobacter both indoors and outdoors.   

 

a) 

 

b) 

 

c) 

 

Figure 3.8 – P. tricornutum and bacteria profile variation over 15 d cultivation; a) indoor, b) 
outdoor run 1 and c) outdoor run 2 

 

Ethyl acetate and methanol cell extracts from P. tricornutum have antibacterial activity 

and the fatty acids EPA, C16:1, and hexadecatrienoic acid (C16:3 n-4) were shown to be 

antibacterial compounds against Gram-positive and Gram-negative bacteria with C16:1 active 

in micromolar concentrations against multidrug-resistant Staphyloccocus aureus (Desbois et 



 

94 | P a g e  

al., 2009, 2008).  It has been found that fusiform cells show greater antibacterial activity 

against Staphylococcus aureus than oval morphotypes (Desbois et al., 2010).  As the bacteria 

in this study showed a sinusoidal profile it was hypothesized that the antibacterial fatty acids, 

EPA and C16:1 could be secreted/excreted into the medium which could have responsible for 

regulating the bacterial numbers.   

Fatty acid analysis revealed that C14:0, C16:0 and C18:0 (with C16:0 and C18:0 

accounting for >95 % of TFAs detected) were present in the EPS but no even-numbered fatty 

acids such as EPA or C16:1 was detected over the indoor or outdoor runs (data not shown).  It 

has previously been observed that C14:0, C16:0, C18:0, C16:1, C18:1 and C20:5 (0.1-4.9 µg 

L-1) are secreted into the EPS by P. tricornutum and have an important role in regulating the 

growth of the bacterium Stappia sp. K01 (Vuong et al., 2019).  High concentrations of fatty 

acids in the medium downregulate growth-related genes in P. tricornutum and cause growth 

inhibition but it was elucidated that fatty acids are utilized as a nutrient by the bacterium 

Stappia sp. K01 and resulted in upregulation of growth-related genes (Vuong et al., 2019). 

Other metabolites could also be responsible for regulating bacterial growth such as 

nucleotides, pigment derivatives, and peptides (Vuong et al., 2019).  A homolog to the 

antioxidant galactose oxidase (forms hydrogen peroxide) has previously been detected in 

P. tricornutum and there is evidence for a reactive oxygen substance based defence system 

(Buhmann et al., 2016), but it remains unclear whether diatoms are able to selectively 

discriminate between beneficial and antagonistic bacteria.  Further work is required to 

understand the interactions between bacteria and P. tricornutum through whole-trsnscriptome 

and metabolome analyses and future work should determine under which conditions bacterial 

levels are elevated and suppressed.  Further work should also be conducted on determining 

which bacteria are beneficial for growth and product formation.  It has been shown that Stappia 

sp. K01 increases growth, chlorophyll and fucoxanthin content in P. tricornutum (Vuong et 

al., 2019).  

 

3.4.3. Growth and chracterisation of commensal bacteria identified during cultivation 

Only dominant and cultivable bacteria were recovered from P. tricornutum cultures 

after conducting spread plates using a modified marine agar medium.  The bacteria were all 

found to grow in co-culture with P. tricornutum (without any added organic carbon source) 

implicating that Halomonas, Marinobacter and Algoriphagus solely utilise diatom-derived 

carbon.  The commensal bacteria could also grow on f/2 modified marine agar and in liquid 
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f/2 marine medium when supplemented with peptone and yeast extract but could not grow in 

f/2 medium or seawater nutrient agar alone.  The bacteria were osmotolerant and could be 

grown on freshwater and seawater modified marine agar.  As the bacterial strains developed 

in microalgal cultures without organic carbon supplementation, it is suspected that they were 

able to grow on organic carbon released by the microalgal cells, indicating interactions 

between the bacteria and P. tricornutum.   

All bacteria associated with the P. tricornutum strains were Gram-negative (by Gram 

staining).  There were two different bacterial species observed indoors using JWP medium in 

flasks (Halomonas neptunia and Marinobacter alkaliphilus sp.) and the same two species were 

observed outdoors.  Interestingly Algoriphagus marincola (red colony) was only observed in 

f/2 medium and F2P in flask studies (albeit low in number) but it was not detected indoors or 

outdoors when using Cell-Hi JWP medium.  Halomonas sp. was a large white colony and 

Marinobacter was a small white colony.   

When the growth rates of all three bacterial species were compared, Halomonas 

neptunia had the highest growth rate but this was not significantly higher than Algoriphagus 

marincola, and Marinobacter alkaliphilus was found to have the slowest growth rate (Figure 

3.9, a).  Marinobacter alakliphilus had a long lag phase (24 h) but then was observed to have 

a high growth rate (maximum doubling time of 3.5 h).  The bacteria were all found to have a 

unique fatty acid profile which could be used as biomarkers for their presence (Figure 3.9, b).  

The predominant fatty acids for Halomonas sp. and Algoriphagus sp. were C18:1 (57 and 51 

% TFA respectively) which has also been found in the literature (Sánchez-Porro et al., 2010), 

and C16:0 was dominant in Marinobacter sp. In comparison P. tricornutum had only <2 % 

C18:1. It was also confirmed that only P. tricornutum was capable of the synthesis of the long-

chain polyunsaturated fatty acids (LC-PUFAs) EPA and DHA.   

During the outdoor cultivation a bacterial biofilm was observed on areas of low flow 

in the PBR.  This was surprising as the total run outside was only 45 days.  P. tricornutum has 

been cultivated at pilot scale in a BIOCOIL reactor up to 700 L for periods greater than 4 

months under semi-continuous conditions.  This reactor enabled uniform mixing and 

minimised fouling in bioreactors (Borowitzka, 1999).   

The biofilm appeared to primarily be composed of P. tricornutum which was 

confirmed by 16 S sequencing, SEM, and fatty acid analysis but Halomonas and Marinobacter 

were also present.  The bacteria were observed to adhere to P. tricornutum cells (Figure 3.9, 

c).  Marinobacter sp. has previously been reported to attach to P. tricornutum over time and 

enhances growth and single cell carbon fixation (Samo et al., 2018). The planktonic P. 
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tricornutum in suspension culture predominated as the fusiform morphotype but the benthic 

form predominated as the oval morphotype but both cell types were shown to have a similar 

fatty acid profile but the fusiform morphotype appeared to have a higher EPA composition of 

TFAs (Figure 3.9, b and c).  This is similar to reported by Desbois et al. (2010) who found that 

fusiform cells had a higher EPA content than the oval morphotype cells.  The transition to the 

oval morphotype in the benthic stage is likely because only oval morphotypes can adhere 

strongly to surfaces (Buhmann et al., 2016). 

 

a) 

      

 

b) 

 

c) 

 

Figure 3.9 - Characterisation of bacteria detected in outdoor cultivation a) fouling biofilm formation 
on the airlift photobioreactor (ALR) at low flow zones, scanning electron micrograph (SEM) sample 
from biofilm and bacteria could clearly be observed adhering to cells b) 2000 x magnification and 
4000 x magnification, c) growth of bacteria, d) average doubling time of bacteria and e) fatty acid 
analysis of bacteria, P. tricornutum (after 15 d growth outdoor run 2) and biofilm obtained after 15 d 
growth for outdoor run 2 showcasing commensal bacteria attached to P. tricornutum  
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Further work should be conducted on determining the conditions which result in 

biofouling in PBRs, to prevent production downtime.  Further work should also be conducted 

on understanding the microalgal-bacterial relationships in PBRs to determine which bacteria 

are ‘friend’ and ‘foe’ and if they can be exploited for improved biomanufacturing for the 

implementation of a biorefinery chassis (Padmaperuma, 2017). 

 

3.5.Conclusion 
 

The optimal cost effective medium for obtaining relatively high biomass, fucoxanthin, 

EPA, and protein yields, utilising a biorefinery approach for the model strain P. tricornutum 

CCAP 1055/1 was Cell-Hi JWP from Varicon Aqua Solutions Ltd.  A prototype airlift PBR 

(PhycoLift) was designed which has a low areal footprint.  It was determined that outdoor UK 

cultivation was possible utilising a prototype airlift PBR under low light and temperatures (8-

18°C) and there was an inverse relationship between temperature and EPA content.  It was 

concluded that indoor cultivation resulted in a higher volumetric and areal productivity, and 

higher EPA, fucoxanthin and protein yields compared with outdoor cultivation.  As the 

lighting conditions were similar it seems plausible that temperature control was important to 

ensure higher biomass productivities.  Further work should be conducted utilising artificial 

light outdoors to increase photosynthetic activity and minimise photorespiration at night.  

Employing temperature control could also help increase biomass and product yields.  During 

cultivation indoors in flasks and the airlift PBR, and outdoors in the airlift PBR the total 

commensal bacteria content showed a sinusoidal profile.  Halomonas sp. was dominant at low 

P. tricornutum densities but Marinobacter sp. was more dominant at higher P. tricornutum 

densities.  Further work should be conducted to determine what metabolites are responsible 

for controlling commensal bacteria population.   
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Highlights 

• Algem® used for pre-optimisation studies; 21°C and continuous light optimal for biomass 

productivity 

• f/2 is a maintenance medium and not a production medium.  5 x f/2 NP medium resulted 

in >3-fold increase in fucoxanthin content and a relatively high fucoxanthin and EPA 

productivity 

• Nitrate and especially phosphate rapidly assimilated by cells  

• A reduction and increase in salinity above 33 % resulted in decreased fucoxanthin and 

EPA yield 

• A combination of  5 x f/2 NP, 33 % salinity, 2 % CO2 and 0.01 M glycerol resulted in up 

to a 10-fold improvement in biomass productivity and fucoxanthin, EPA, protein and 

carbohydrate yield 
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4.1. Abstract 
 

Phaeodactylum tricornutum is well known as a potential cell factory for biofuels, 

bioplastics, omega-3 fatty acids (eicosapentaenoic acid and docosahexaenoic acid) and 

recombinant antibodies, but most production processes have focussed on a single product 

approach.  In this study we focus on a multi-product approach.  It was observed that 

bicarbonate supplementation (5-125 mM) resulted in a decrease in biomass and product yields.  

In addition, decreased or increased salinity from the optimum resulted in a reduction in product 

yields.  However, a culture medium consisting of nitrate and phosphate at 4.41 mM and 0.18 

mM (5-fold those employed in the traditional f/2 medium), salinity at 33 %, 2 % CO2 (v/v in 

air), and a transition to mixotrophy using glycerol (0.01 M) were found to result in increased 

biomass (0.20 g L-1 d-1), fucoxanthin (1.78 mg L-1 d-1), EPA (7.54 mg L-1 d-1), and protein 

yields (15.65 mg L-1 d-1), up to ten-fold higher than the f/2 control medium.   

 

Keywords: microalgae; biorefinery, media screen, cultivation optimisation 
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4.2. Introduction 
 

Microalgae have been of great interest as biobased cell factories for biofuels and 

bioactive molecules due to their high biomass productivities (60-75 ton dry weight ha-1y-1 at 

commercial scale) and high photosynthetic efficiencies (3-10 % of solar energy) (Sethi et al., 

2020).  Microalgae can grow in seawater, brackish water, using marginal land or remediating 

wastewater (nitrogen, phosphorous, heavy metals and pharmaceutical waste) without the 

requirement for fertile arable soil, and they can use CO2 from flue gases of power stations 

containing SOx and NOx (Ma et al., 2016).  Of the microalgae, marine diatoms are the 

dominant primary producers in the ocean and amongst the most productive and 

environmentally adaptive in the world, being responsible for 20 % of global carbon fixation 

(Branco-Vieira et al., 2020).   

The microalga P. tricornutum is a model diatom species cultivated at pilot and 

industrial scale that is known to accumulate a spectrum of natural (the fatty acids 

eicosapentaenoic acid - EPA and docasahexaneoic acid - DHA, the primary storage 

carbohydrate, chrysolaminarin and the pigment fucoxanthin) and engineered marketable 

products (the triterpenoid lupeol, bioplastics and antibodies) (Butler et al., 2020; Sethi et al., 

2020).  At laboratory and pilot scale, P. tricornutum has been shown to dominate and 

outcompete other microalgal species with a tolerance for high pH, an ability to grow under 

low light, and it does not require silica for growth (Remmers et al., 2018).   

Using a biorefinery is an essential approach towards a circular economy and 

sustainability where the P. tricornutum biomass is used as a feedstock for multiple products 

to add value in the process for commercial viability (Butler et al., 2020).  For a future 

production process to be adopted industrially, incorporating P. tricornutum for bulk products 

(protein, biofuels, and aquafeed) it is crucial that the biomass is fucoxanthin and EPA rich as 

these are the highest value known natural products.  Implementing a ‘high value product first’ 

principle should enable a more economically viable process for exploitation (Li et al., 2015).   

Fucoxanthin is valued at US $175 kg-1 (biomass containing 1 % fucoxanthin)  (Leu 

and Boussiba, 2014) and US $0.20-0.74 in capsular/softgel form (Leu and Boussiba, 2014; 

Timmermans, 2017; Wu et al., 2016).  In 2016, the global fucoxanthin production was 

approximately 500 tons and the market grew at an annual rate of 5.3 % up to 2021 (Gao et al., 

2020).  Comparatively the market size for EPA is US $300 million and the selling price is US 

$200-500 kg-1 (Alam et al., 2020).  These two high value products will be fundamental for an 

economically viable biorefinery process utilising P. tricornutum. However, for P. tricornutum 
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to reach market potential, regulatory hurdles have to be overcome for selling in Europe.  To 

date P. tricornutum has not been granted Novel Food status and is current restricted to sales 

outside the European Union such as the US.   

Fucoxanthin is a xanthophyll carotenoid and is widely found in brown macroalgae 

(0.01-0.1 % DW) and diatoms (0.19-5.92 % DW) (McClure et al., 2018; Rebolloso-Fuentes 

et al., 2001; Wang et al., 2018).  P. tricornutum typically exhibits a content between 1.02-2.61 

% DW (Derwenskus et al., 2020b).  As with all diatoms, fucoxanthin is one of the principal 

light harvesting pigments (along with chlorophyll a and c) in the fucoxanthin-chlorophyll 

protein (FCP) complex of P. tricornutum which traps light energy and offers photoprotection 

(Wang et al., 2018).  Fucoxanthin has a plethora of health benefits (animal and human trials) 

including anti-inflammatory, anti-tumour, anti-obesity, antimalarial and anti-diabetes (Bae et 

al., 2020).  

EPA would have added value as a whole cell byproduct that could be used for 

aquaculture feed (along with the protein, carbohydrate and mineral faction) to replace fishmeal 

and fish oil (for shrimps, fish and bivalves). Currently fishmeal and fish oil are used to satisfy 

the growing aquaculture industry which consumes >70 % of fish meal and fish oil (Shah et al., 

2018).   Global production of fish oil is estimated at one million tonnes annually, but this is 

unsustainable and the cost is rising to >US $3000 ton-1 (Chen et al., 2016; Shah et al., 2018).  

Alternatively, EPA could be sold as a nutraceutical as a vegan alternative to fish, which is 

currently marketed by Simris.  EPA is an essential fatty acid for human nutrition with the 

recommended daily intake (RDI) of 250 mg each day (Ryckebosch et al., 2014).  EPA is a 

precursor for signalling molecules such as eicosanoids and has defined benefits in 

cardiovascular health, cancer treatment, and for numerous mental health diseases 

(Deckelbaum & Torrejon, 2012; Oscarsson & Hurt-Camejo, 2017).  EPA is currently mainly 

derived from fish oil and to meet the RDI 0.8 g of fish oil must be consumed daily, whereas 

for microalgae the daily intake would range from 1.3-12.5 g oil/day (Ryckebosch et al., 2014).   

EPA is highly dependent on the strain, PBR system and cultivation conditions and can 

range from 3.1-5 % DW (Derwenskus et al., 2020).  P. tricornutum contains almost 

exclusively EPA and provides a preferential pure form (Derwenskus et al., 2020a).  In 

P. tricornutum EPA constitutes around one-third of the total fatty acids (Fernández Sevilla et 

al., 2004; Derwenskus et al., 2019). 

To date the highest volumetric productivity of EPA and fucoxanthin obtained using a 

biorefinery approach was in a flat-panel photobioreactor (9.6 and 4.7 mg L-1 d-1) during the 

exponential phase (day 6) with high nitrogen (14.5 mM) and phosphorous (0.88 mM) (Gao et 
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al., 2017).  High fucoxanthin and EPA content are typically obtained under low light and high 

nitrate (8.82 mM) (Acién Fernández et al., 2000; McClure et al., 2018) but under nutrient-rich 

conditions EPA content has been found to be independent of the applied light intensity 

(Remmers et al., 2017).  To maximise the value from the biomass, fucoxanthin should be 

extracted first, followed by EPA, protein, and chrysolaminarin  (Zhang et al., 2018). 

To date most studies have focussed on P. tricornutum UTEX 640 for EPA 

(Yongmanitchai & Ward, 1993; Cerón García et al., 2000; Fernández Sevilla et al., 2004a; 

Rodolfi et al., 2017), UTEX 640, UTEX 646 and CS-29 for fucoxanthin (Dambek et al., 2012; 

Nur et al., 2019), an unknown strain as a biorefinery chassis for EPA, fucoxanthin, and 

chrysolaminarin (Gao et al., 2017), and UTEX 646 and CCAP 1055/1 as a cell factory for 

recombinant antibodies, bioplastics, and heterologous terpenoids (Hempel et al., 2017, 2011a; 

Hempel and Maier, 2012).  However, to date, only CCAP 1055/1 has been fully sequenced 

and annotated, (isolated off Blackpool, UK in ca. 1956) with extensive omics studies and 

molecular mapping conducted (Bowler et al., 2008; Rastogi et al., 2018).  To the authors 

knowledge there have been no studies on evaluating CCAP 1055/1 as a biorefinery chassis for 

biotechnological exploitation; fucoxanthin, EPA, carbohydrate and protein.  Only recently the 

biochemical composition has been investigated for CCAP 1055/1  (Song et al., 2020), and it 

will be interesting to look at the behaviour of this strain to be utilised as a biorefinery chassis.   

Process optimisation is critical to increase biomass productivity and product yields. In 

this study the initial aim was to determine the optimal temperature and photoperiod for 

maximising biomass productivity in P. tricornutum CCAP 1055/1.  The next aim was to 

investigate medium composition (nitrate and phosphate) and culture conditions: salinity and 

carbon supply (bicarbonate, CO2, and glycerol) to increase biomass and product (EPA, protein, 

carbohydrate and fucoxanthin) yields from the standard f/2 medium. 

 

4.3. Materials and methods 

4.3.1. Phaeodactylum tricornutum culture and routine maintenance 

P. tricornutum CCAP 1055/1 stock cultures were routinely maintained by the transfer 

of a 10% (v/v) inoculum into a 1 L Erlenmeyer flask, containing 800 mL f/2 medium (0.882 

mM nitrate and 0.036 mM phosphate) (Guillard, 1975), using 33 g L-1 Instant Ocean 

(Aquarium Systems, UK) (Appendix B).  The stock culture was incubated at continuous 

irradiance with white lights ca. 150 µmol photons m−2 s−1 surface irradiance (2700 k Hansa 
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ECO Star silver lamps), at 21 °C ( 1 °C).  The stock culture was sparged with air at 1 lpm 

(1.25 vvm) (using a ACO-9620, Hailea pump) through a 0.22 µm air filter.   

 

 

4.3.2. P. tricornutum growth in Algem® for initial growth optimisation 

P. tricornutum was cultivated in an Algem® Labscale Photobioreactor (Algenuity, UK) 

for culture condition optimisation using a standardised 1 L Erlenmeyer flask with 0.4 L 

working volume.  A schematic of the system is shown in Whitton et al. (2018).  Cells from the 

stock culture were harvested during late-log, centrifuged (4000 rpm for 10 mins), washed 

twice with 20 mL f/2 medium and inoculated at a cell density of 1 x 106 cells ml-1 (~0.02 g L-

1 DW). Initially different temperatures (21, 23, 25 and 27°C) were compared using 150 µmol 

photons m-2 s-1 white and red LEDs (85 and 15 % respectively) provided to the base of the 

photobioreactor over a surface area of 133 cm2.  The optimal temperature of 21°C was then 

used for determining the effect of lighting regime (continuous sunlight at 150 µmol photons 

m-2 s-1, 12:12 photoperiod and flashing light with 100 Hz (10 m/s) and a duty cycle of 50 %). 

The medium used for both experiments was f/2 with artificial seawater and agitation at 120 

rpm, with 10 cm3 min (0.01 lpm:  0.025 vvm) aeration with 5 % CO2 (n=2), pH 7.5.  The OD 

740 nm was monitored online every 10 minutes and the dry weight (DW) was obtained every 

24 h. 

 

 

4.3.3. Experimental culture setup for high throughput flask screening 
setup 

P. tricornutum CCAP 1055/1 was harvested during late-log, centrifuged (4000 rpm,10 

mins), washed twice with 20 mL of medium and re-suspended in 250 mL Erlenmeyer flasks 

with 200 mL of autoclaved medium (121°C, 15 mins).  The initial inoculum density was 

~106 cells mL-1 (~0.02 g L-1 DW) and growth was monitored daily by measuring cell count, 

OD 750 nm, and dry weight (DW).  The cultures were incubated under 21 ± 0.5°C in a 

temperature-controlled incubator (LMS Series 4 1200) with continuous light at 142 ± 33 µmol 

photons m-2 s-1 (827 fluorescent bulbs as above) using the high throughput system shown in 

Figure 4.9.  Each culture was aerated at 15 lpm with 0.5 % CO2 and the gas mixture was 

delivered through a 0.22 µm air filter.  The supplied carbon dioxide concentration was 

confirmed using a gas analyser (BlueInOne FERM, Blue Sense) coupled to a computer with 

BlueVis software.  The cultures were buffered with 20 mM Tris buffer which maintained the 
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pH at 7.5-7.65.  Samples for determining the biochemical composition (chlorophyll a, 

fucoxanthin, fatty acids, carbohydrate and protein) and elemental analysis were taken after 7 

d.    

 

 

Figure 4.9 - Experimental setup for high throughput screening of culture condition optimisation for 
biorefining. Cultures contained 200 mL of liquid volume and were aerated with a sterile gas mixture of 
air and 0.5 % CO2  

4.3.4. Effect of modified f/2 medium on biochemical composition 

The P. tricornutum flask cultures were cultivated with f/2 medium with elevated nitrate 

and phosphate (2 x, 5 x, 10 x and 20 x), and f/2 was used as the control medium (Appendix 

B). 

 

 

4.3.5. Effect of salinity on biochemical composition 

The P. tricornutum flask cultures were cultivated with modified f/2 medium with 5 x 

f/2 NP (Appendix B) with different salinities (0, 16.5, 33, 49.5, 66 and 82.5 practical salinity 

unit - psu).  An artificial seawater medium to replicate Instant Ocean (33 g L-1) was formulated 

using CaCl2 (9.4 mM), Na2SO4 (25.2 mM), MgCl2 (51.2 mM), KCl (10.1 mM), NaCl (442.1 

mM), and sodium bicarbonate (3.1 mM) and the ionic composition altered to match the 
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required salinity.  Bromide, strontium, fluoride and iodide were omitted.  Biochemical analysis 

was only conducted for 16.5, 33, 49.5, 66 and 82.5 psu.   

 

4.3.6. Effect of carbon source on biochemical composition; 
bicarbonate, CO2 and glycerol 

For the bicarbonate trial 5 x f/2 NP medium was supplemented with bicarbonate at 5, 

10, 25, 50, 100 and 125 mM.  For the CO2 experiment, 0.5, 1 and 2 % CO2 were tested.  For 

the glycerol trial, 5 x f/2 NP with 2 % CO2 was supplemented with 0.01, 0.025, 0.05 and 0.1 

M glycerol.  Glycerol was diluted with deionised water and filter sterilised into the medium 

after autoclaving.   

 

4.3.7. Analytical methods 

4.3.7.1. Biomass sampling and determination of microalgal cell growth 

The optical density (OD ) was monitored at OD 750 nm using a SPECTROstar 

spectrophotometer (BMG Labtech, Germany).  For cell counts 100 µL of each algal culture 

was removed and fixed with 10 µL Lugol’s iodine prior to counting with an Advanced 

Neubauer haemocytometer (BS-748, Hawksley) using a microscope (BX51, Olympus) and 

the cells were counted using ImageJ (http://rsb.info.nih.gov/ij/).  The average growth rate (µ) 

was calculated according to Butler et al. (2017) but as a function of each day and the maximum 

growth rate (µmax) was the maximum value of this.  Trypan blue staining was used for 

viability assays.  One mL of each sample was centrifuged at 6000 rpm for 5 mins and the 

supernatant was discarded.  The pellet was then re-suspended in 1 mL phosphate buffered 

saline (PBS).  The viability of flocculated cells was tested by dye exclusion using 0.4 % Trypan 

blue (Sigma Aldrich, UK), which is excluded by viable cells.  To 100 µL of cells, 100 µL 0.4 

% Trypan blue solution was added, cells were incubated for three minutes at room temperature 

and they were counted using a haemocytometer.   

Dry weight was performed by centrifugation at (4000 rpm,10 mins) of 5 mL of 

samples, washed with 20 mL of 0.01 M phosphate buffered saline (PBS) to remove any 

adhering medium etc. transferred to a 2 ml Eppendorf safe-lock tube, centrifuged at 13,000 

rpm for 5 mins (12,500 g) and stored at -20°C.  The samples were then lyophilized and the 

powder weighted using a 5 d.p. balance. 



 

108 | P a g e  

 

4.3.7.2. Determination of dissolved inorganic nitrogen (DIN), dissolved inorganic 

phosphate (DIP) and dissolved inorganic carbon (DIC) from the supernatant 

Dissolved inorganic nitrogen (DIN) in the media was determined at OD220 nm as 

described in Collos et al. (1999).  Dissolved Inorganic Phosphate (DIP) in the media was 

determined following the method of Strickland and Parsons (1968) and the OD885 nm reading 

was taken after 15 mins (longer times did not result in significantly different values, data not 

shown).  Dissolved inorganic carbon (DIC) was calculated using the back-titration procedure 

described by Chen et al. (2016).   

 

4.3.7.3. Inductively coupled plasma mass spectroscopy (ICP-MS) analysis 

From the f/2 media modification experiment after 7 d the dried biomass was analysed 

for elemental analysis in the f/2 and 5 x f/2 sample.  Elemental quantification was achieved by 

inductively coupled plasma-mass spectroscopy (ICP-MS), using an Agilent 7500CE 

spectrometer.  ~100 mg dried microalgal biomass was digested with 3 mL nitric acid and 1 

mL perchloric acid and heated to 200°C.  The samples were then made to 25 mL using 1 % 

nitric acid and elements showing high concentrations were diluted accordingly with deionised 

water.  Anions were quantified using a Metrohm 883 Basic IC plus IC system, fitted with a 

Metrosep A Supp 5-4 × 150 mm column and using Na2CO3/NaHCO3 eluent.  

 

4.3.7.4. Biochemical composition (protein and carbohydrate) 

Combined extraction of carbohydrate and protein was carried out according to Chen 

and Vaidyanathan (2013) with slight modification (Appendix B) using approximately 2 mg 

dry biomass.   

 

4.3.7.5. Fatty acid analysis and EPA determination using direct transesterification 

A modified version of Kapoore et al. (2014) was used for FAME direct 

transesterification.  To a 2 mL Eppendorf, 1-2 mg dried biomass and acid washed glass beads 

(425-600 µm i.d) were added.  A bead beating step was introduced where the cells were 
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disrupted using the Disrupter Genie®.  Five cycles of disruption were performed with 2 mins 

disruption, with an interval of 1 min on ice.  Ethanolic-HCl (7%) replaced BF3 as the acid 

catalyst for the formation of fatty acid ethyl esters (FAEEs) (Appendix B).   

 

4.3.7.6. Chlorophyll and fucoxanthin analysis using high-performance liquid 

chromatography (HPLC) 

Chlorophyll a and fucoxanthin were analysed using a modified method of Grant et al. 

(2001).  One mg of dried microalgal biomass was extracted with 1.5 mL HPLC grade absolute 

ethanol (Sigma Aldrich, UK) with 250 mg L-1 butylated hydroxytoluene (BHT) and bead 

beated using bead beater tubes with lysing matrix E (Bertin Technologies, USA) three times 

at 90 s x 5000 rpm with a 45 s break.  After cell disruption the bead beating tubes were then 

centrifuged at 13,000 rpm for 3 mins.  1 mL of the supernatant was pipetted to a 5 mL glass 

tube (FischerBrand, USA).  To the bead beating tube, 1 mL ethanol/BHT mixture was added 

and the tubes vortexed for 10 s.  The tubes were then centrifuged (13,000 rpm,3 mins) and 1 

mL was transferred to the 5 mL glass tube.  This procedure was repeated until the pellet was 

colourless (5 extractions necessary in total and confirmed by microscopy).  The extracts in the 

glass tubes were then evaporated under nitrogen, re-suspended in 1 mL absolute ethanol 

(Sigma Aldrich, UK) and transferred to a 2 mL safelock Eppendorf tube.  The tubes were then 

centrifuged (13,000 rpm, 2 mins) before transferring the supernatant to amber coloured HPLC 

vials.  To avoid photo-oxidation, all procedures were carried out under darkness.   

Ultra-high-performance liquid chromatography (UHPLC) (Thermo Scientific, USA) 

was used to quantify the fucoxanthin content.  HPLC analysis was performed using a Nexera 

X2 system (Shimadzu, Japan) coupled with a photo-diode array detector (SPD-M20A) and a 

Kinetex C18 reversed-phase column (100A 150 x 4.6 mm, 5 µm particle size) (Phenomenex, 

UK) was used.  The HPLC method adopted was a modified version of Grant, 2011.  Three 

mobile phases were used: (A) 0.5 M Ammonium acetate in methanol/water 85:15, (B) 

Acetonitrile/water 90:10 and (C) Ethyl acetate 100 % using the gradient procedure described.  

The flow rate was set at 1 mL min−1 and the column temperature at 25°C.  The concentration 

of fucoxanthin was quantified by measuring at the absorbance at 450 nm.  A linear calibration 

curve (R2 = 0.99) covering the range 0-20 µg mL-1 was constructed using a fucoxanthin, 

chlorophyll a and antheraxanthin standard (Sigma Aldrich, UK).  The retention time of the 
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extracts matched the standards for fucoxanthin (6.7 mins) and chlorophyll a (25.2 mins) as 

shown in (Appendix B). 

 

4.3.7.7. Elemental composition  

Elemental analysis was conducted according to Al-shathr (2019) with slight 

modification (Appendix B).  Helium was used as a carrier gas to transport all the combustion 

gases through the system and high-purity oxygen was used to aid the combustion 

 

4.3.8. Statistical analysis 

Each treatment was performed in triplicates and the mean and standard error of the 

dependent variables are presented in the results.  Statistical analysis of the experimental data 

was conducted using SPSS statistical software (SPSS Statistics 26, IBM).  The data was tested 

for normality using a Kolmogorov-Smirnov test and if these data were normally distributed 

(P>0.05) they were subsequently tested for equal variance using Levene’s test.  If variances 

were considered equal then a one-way ANOVA/MANOVA and a post-hoc Tukey’s test was 

utilised to understand where the differences were.  If samples were not normally distributed 

(P<0.05) then a Kruskall-Wallis and post-hoc Dunn’s non-parametric comparison was 

undertaken to understand the changes.  The statistical difference of each set of experiments 

was studied with the analysis of the P value.  In addition, this value was used to select 

parameters that were significant. 

 

4.4. Results and Discussion 
 

4.4.1. Pre-optimisation for growth: effect of temperature and lighting 
regime on growth of P. tricornutum 

In indoor cultivation it has been reported that P. tricornutum becomes photo inhibited 

at light intensities above 100 μmol photons m-2 s-1 (Remmers et al., 2017).  Comparatively, in 

outdoor growth experiments with P. tricornutum, the maximum biomass productivity was 
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reached at average irradiances of 50-150 μmol m-2 s-1 and decreased at light intensities higher 

than 150 μmol m-2 s-1 (Acién Fernández et al., 2003). 

Initially using f/2 medium at 150 µmol photons m-2 s-1, the Algem® (Algenuity, UK), 

was investigated for optimising biomass concentration in P. tricornutum CCAP 1055/1.  The 

highest biomass productivity was attained at 21°C (0.072 g L-1 d-1), which was an 

improvement of 1.34-fold compared with 27°C and was significantly higher (p<0.05) (Figure 

4.10).  Similarly, 20°C was optimal for growth for P. tricornutum CCAP 1055/2 (Leblond and 

Chapman, 2000) and 21.5°C was optimal for CCAP 1052/1B / UTEX 640 (Yongmanitchai 

and Ward, 1991).  Microalgae typically show a higher growth rate with increasing 

temperatures, until the optimum temperature.  However, above this optimal temperature, a 

decrease in growth is observed due to the damage of proteins required for photosynthesis 

(Allakhverdiev et al., 2008; Ras et al., 2013).  It was clear that the biomass productivity was 

significantly reduced at 25°C compared with 21°C (p<0.05).  As 21°C was optimal, a 12:12 

photoperiod was compared with 24 h and flashing light.  Continuous light doubled the biomass 

productivity compared with a 12:12 photoperiod.  Previously, Megía-Hervás et al., (2020) 

found that 18:6 photoperiod resulted in an increase in biomass concentration compared with 

12:12 photoperiod for the same strain but did not compare continuous light.  At a higher light 

intensity (400 µmol photons m-2 s-1), a photoperiod of 20:4 was observed to be optimal for 

achieving the highest growth rate in TV335 and 24:0 was observed to result in photoinhibition 

(Regmi, 2014).  These conditions were then selected for the high-throughput screening 

experiments to investigate the effect of media composition and cultivation conditions.   
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a) 

 

b) 

 

c) 

 

d) 

 

Figure 4.10 - Cultivation in  of P. tricornutum CCAP 1055/1 for culture condition optimisation (f/2 
medium) in Algem® (Algenuity, UK); a-b) different temperatures (21, 23, 25 and 27°C) and ) light 
regimes (continuous red: white (85:15) at 150 µmol photons/m2/s, 12:12 photoperiod and flashing 
light with 100 Hz (10 m/s) and a duty cycle of 50 %) at 21°C.  The medium used was f/2 with 
artificial salts and agitation at 120 rpm, with 10 cm3/min (0.01 lpm:  0.025 vvm) aeration with 5 % 
CO2 (n=2), pH stat 7.5, 0.4 L working volume.   

 

4.4.2. Effect of f/2 modification on biochemical composition: 
increasing nitrate and phosphate concentration 

Currently there is difficulty in using a standardised but high throughput screening 

system for comparing environmental factors for effecting growth and biochemical 

composition.  A new setup was designed which could quickly screen different cultivation 

parameters to observe their effect on biomass productivity and product formation.  20 mM 

Tris-HCl was used as a buffer and it was found to not adversely affect growth or product 

formation (Appendix B).   

It is well known that fucoxanthin content is higher under low light (100-150 µmol 

photons m-2 s-1), and a higher biomass productivity has been attained at 150 µmol photons m-

2 s-1 (Gómez-Loredo et al., 2016; McClure et al., 2018).  Thus, for the high throughput 

screening a light intensity of 142 µmol photons m-2 s-1 was selected.   

For the cultivation of diatoms including P. tricornutum typically f/2, DAM (diatom 

artificial medium), and Walnes medium have been used (Sethi et al., 2020).  However, it has 

been observed that these media can be limiting in nutrients (McClure et al., 2018), but this has 

not been fully quantified.  It is well known that nitrate supplementation (8.82 mM) results in 
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an increase in EPA and fucoxanthin in CS-29 (Baoyan et al., 2017), but it has been reported 

that phosphate alone does result in an increase in fucoxanthin content or yield (McClure et al., 

2018).  Therefore, in the current study the effect of elevated macronutrients: nitrate (0.882-

17.64 mM) and phosphate (0.036-0.72 mM) in combination, designated 2 x f/2 NP, 5 x f/2 

NP, 10 x f/2 NP and 20 x f/2 NP were investigated to determine if biomass productivity, in 

combination with fucoxanthin, EPA, protein and carbohydrate yield could be increased.  To 

date no study appears to have systematically increased nitrate and phosphate to look at the 

effect on the biochemical composition of P. tricornutum. 

Cultivation with f/2 was found to result in a final OD 750 nm, cell count, and biomass 

concentration of 1.29, 1.55 x 107 cells mL-1 and 0.30 g L-1 DW.  When nitrate and phosphate 

(2 x, 5 x, 10 x and 20 x) were elevated, higher biomass concentrations were obtained (0.40, 

0.46, 0.47 and 0.52 g L-1 DW), but 20 x f/2 NP was not significantly higher than 5 x f/2 NP. 

Cultivation in 5 x f/2 NP resulted in the highest fucoxanthin content (1.23 %) which was >3-

fold higher than the content in f/2 medium (0.4 % DW).  A subsequent decrease was observed 

at higher nitrate and phosphate concentrations (1.11 and 0.87% DW at 10 and 20 x f/2 

respectively).  It is possible that as P. tricornutum cultivated with higher nitrate and phosphate 

concentrations resulted in a higher biomass concentration, there was a lower light per 

cell/gram of biomass, which could have resulted in an increase in fucoxanthin as this pigment 

is accumulated under low light.   

Cultivation in f/2 medium resulted in the highest FAAE content (13.83 % DW) and 

increases in nitrate and phosphate resulted in a decrease in FAEE content with the lowest 

content at 20 x f/2 NP (4.25% DW).  It is well known that nitrate and phosphate starvation or 

deprivation, especially nitrate can result in elevated TFA content in microalgae and 

P. tricornutum (Alipanah et al., 2018; Caballero et al., 2016), and the f/2 and 2 x f/2 treatments 

were nutrient starved (Figure 4.12).  Nitrogen is assimilated into protein and when nitrogen 

availability decreases, the sink for the tricarboxylic acid (TCA) cycle metabolites declines and 

acetyl-CoA can be shunted towards fatty acid biosynthesis (Levitan et al., 2015).   

The highest EPA content (1.82 % DW) was found when P. tricornutum was cultivated 

in f/2 and 2 x f/2 NP medium but this was not statistically significant compared with other NP 

elevation treatments, and a further increase in nitrate and phosphate content resulted in a 

decrease in EPA content Figure 4.11  Interestingly the highest EPA proportion of FAAE was 

in 10 x f/2 NP (36.4 % of TFA) compared with only 13.2 % in f/2 medium.  The other dominant 

fatty acids (C16:0 and C16:1) showed a general decrease in proportion with increases in 

nitrate/phosphate but as the EPA content did not increase, they did not appear to be re-
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allocated to EPA synthesis.  Under phosphate deprivation or depletion EPA is known to be 

lower and C16:0 and C16:1 are known to increase (Siron et al., 1989).  Under nitrate 

supplementation, the proportion of C16:0 and C16:1 decreases (Yodsuwan et al., 2017). 

5 x f/2 NP (4.41 mM nitrate and 0.18 mM phosphate) resulted in the highest 

fucoxanthin content (1.2 % DW), which was >3-fold higher than f/2 medium (p<0.01).  In P. 

tricornutum CS-29 nitrate supplementation alone in f/2 medium (8.82 mM) resulted in ~3-fold 

increase in fucoxanthin content (5.9 % DW) but nitrate and phosphate supplementation in 

combination (8.82 and 0.36 mM) did not result in an increase in fucoxanthin content and this 

is likely due to the different experimental setup and high error that was reported in the McClure 

et al. (2018) study. 

5 x f/2 NP also resulted in the highest protein content (52.0 % DW) and the protein 

content was found to increase with nitrate and phosphate content but this was not significantly 

higher than 10 x f/2 NP (50.6 % DW).  The protein content was much higher than previously 

reported for CCAP 1055/1 (16 % DW) cultivated in f/2 medium without CO2 supply (Song et 

al., 2020) and other strains in the literature; unknown Spanish isolate (32 % DW) (Fidalgo et 

al., 1995), CICESE strain (37 % DW) (Valdez-Flores et al., 2017) and Chilean strain (38 % 

DW) (Branco-Vieira et al., 2020). 

The highest carbohydrate content was obtained using f/2 medium (18.1 % DW) and 

decreased with an increase in nitrate and phosphate content, with the minimum content 

obtained with 10 x f/2 NP (12.6 %) which is similar to values reported in the literature for 

other P. tricornutum strains (Valdez-Flores et al., 2017; Branco-Vieira et al., 2020).   
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

Figure 4.11 – Effect of f/2 modification on biochemical composition of P. tricornutum; a) cell count, 
b) µmax (d-1), c) final biomass concentration, d) eicosapentaenoic acid (EPA), chlorophyll a, and 
fucoxanthin content f) protein, carbohydrate and fatty acid ethyl ester (FAEE) content, g) FAEE 
composition 

 

The medium with 20 x f/2 NP resulted in the highest biomass concentration (0.52 g L-

1 DW) and biomass productivity (74.45 mg L-1 d-1) after only 7 d.  A maximum specific growth 

rate of 0.68 d-1 has been reported for CCAP 1055/1 cultivated in f/2 medium without CO2 

addition and were reported to reach a final biomass concentration of 0.50 g L-1 after three 

weeks (Song et al., 2020).  20 x f/2 NP also resulted in the highest protein (36.51 mg L-1 d-1) 

and carbohydrate yield (10.15 mg L-1 d-1) (Table 4.4).  2 x f/2 NP resulted in the highest FAEE 

yield (6.07 mg L-1 d-1).  However, 5 x f/2 NP resulted in the highest fucoxanthin (0.81 mg L-1 

d-1) and EPA yields (1.16 mg L-1 d-1) (Table 4.4).  Gao et al (2017) explored the biorefinery 

potential of a Chinese P. tricornutum strain in flat-panel PBRs, and found the highest 

volumetric productivity of EPA (9.6 mg L-1 d-1), chrysolaminarin (93.6 mg L-1 d-1), and 

fucoxanthin (4.7 mg L-1 d-1) in the exponential phase after 6 days cultivation under high nitrate 

and phosphate (14.5 and 0.88 mM respectively).  In the current study an increase in 
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fucoxanthin, EPA and carbohydrate content was not observed at higher nitrate and phosphate 

concentrations beyond 4.41 mM and 0.18 mM respectively.  It is possible the lower 

productivities in our study were likely due obtaining a lower biomass concentration which was 

due to the longer light path of the flasks compared with the flat plate, lower light employed, 

and the lower inoculation density.  

 

Table 4.4 - Biomass (volumetric productivity) and product yields with different f/2 media 

formulations 

 

 

Higher nutrient containing media (10 x f/2) has been found to result in an increase in 

final dry weight (0.59 g/L DW) compared to conventional f/2 medium (0.29 g/L DW) 

(McClure et al., 2018) which was similar to that reported in the current study with 10 x f/2 NP 

(0.52 g L-1 DW).  It has been reported that increasing the phosphate concentration alone in f/2 

(from 0.036 mM to 0.36 mM) did not result in an increase in fucoxanthin content (McClure et 

al., 2018).  However, increasing nitrate 10-fold (8.82 mM) resulted in a near 3-fold increase 

in fucoxanthin content (5.7 % DW) and a 3-fold increase in fucoxanthin productivity (2.16 mg 

L-1 d-1) compared with f/2.  However, when nitrate supplementation was tested in this study 

alone, no significant increase in fucoxanthin was observed (data not shown).  The effect of 

increasing nitrate alone to rapidly increase fucoxanthin content has only been observed by 

McClure et al. (2018) and it is the highest content to date, so it could be strain specific.   

 

4.4.3. Effect of f/2 modification on nutrient uptake rate 

P. tricornutum cultivated in f/2 and 2 x f/2 medium were near nitrate deprivation with 

<7 and 18 µm remaining after 7 d cultivation respectively.  With the higher NP treatments (5-

20 x f/2 NP) there was no nitrate limitation observed with >94-9171 µM nitrate remaining 

f/2 2 x f/2 NP 5 x f/2 NP 10 x f/2 NP 20 x f/2 NP

Biomass productivity (mg L-1 d-1) 42.55 ± 1.26 57.45 ± 2.19 65.90 ± 0.86 66.84 ± 0.77 74.45 ± 4.23

Carbohydrate (mg L-1 d-1) 7.71 ± 0.69 8.91 ± 0.65 9.08 ± 0.55 8.42 ± 0.29 10.15 ± 0.18

Protein (mg L
-1

 d
-1

) 15.65 ± 0.23 22.91 ± 2.28 34.28 ± 0.72 33.82 ± 1.45 36.51 ± 2.25

Fucoxanthin (mg L-1 d-1) 0.17 ± 0.01 0.21 ± 0.02 0.81 ± 0.04 0.74 ± 0.07 0.65 ± 0.05

FAEE (mg L-1 d-1) 5.58 ± 0.17 6.07 ± 0.27 3.32 ± 0.28 3.07 ± 0.19 3.17 ± 0.28

EPA (mg L-1 d-1) 0.77 ± 0.01 1.05 ± 0.02 1.16 ± 0.09 1.12 ± 0.07 1.04 ± 0.10
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after 7 d.  The highest nitrate uptake rate was on the first day and surprisingly was with 20 x 

f/2 NP (1535 pmol cell-1 d-1).  Generally, an increase in average daily nitrate uptake rate was 

observed with an increase in nitrate and phosphate content in the medium up to 15.5 mM g-1 

biomass DW for 10 x f/2 NP Figure 4.12.  However, there was no significant difference 

between 10 x f/2 NP and 20 x f/2 NP.  The ability for P. tricornutum to scavenge high 

concentrations of nitrate is interesting.  McClure et al. (2018) stated that cultures grown with 

f/2 medium are limited by nutrient availability after day 7 with <0.01 mg/L remaining but, 

similar to that reported her but their study did not look at nutrient assimilation.   

For phosphate there was <1 µM after 2 d cultivation in f/2 medium and the phosphate 

was depleted after 3 d.  Similarly, phosphate was depleted after 4 d cultivation in 2 x f/2 

medium.  Residual phosphate remained in the higher N/P containing f/2 media (1.9-8 µM) and 

this showed that phosphate was rapidly assimilated.  The highest phosphate uptake rate was 

on the first day but there was no significant difference between 20 x f/2 NP and f/2 (12 

pmol/cell).  Generally, an increase in average daily phosphate uptake rate was observed with 

an increase in nitrate and phosphate content in the medium up to 1.0 mM g-1 biomass DW for 

20 x f/2 NP which was significantly higher than the other treatments (p<0.01) (Figure 4.4).  

From ICP analysis it appeared that the phosphate in the biomass increased from 0.4 % DW 

when cultivated in f/2 medium, to 1.0 % DW when cultivated in 5 x f/2 NP (data not shown).  

It has previously been revealed that during phosphate deprivation, gene expression for proteins 

involved in phosphate acquisition and scavenging are upregulated, whereas proteins involved 

in photosynthesis and nitrogen assimilation are downregulated (Alipanah et al., 2018).  In the 

current study, phosphate was indeed rapidly assimilated, but at higher nitrate and phosphate 

concentrations a higher phosphate uptake rate was observed.   

It appeared that the higher nitrate and phosphate uptake rates at 10 x f/2 NP translated 

into increased biomass concentration and protein, but not an increase in fucoxanthin or EPA 

compared with 5 x f/2 NP.  The nitrogen deprivation and phosphate starvation is likely why 

the FAEE (TFA) content and carbohydrate content was higher in f/2 medium which has been 

reported extensively in the literature (Abida et al., 2015).  
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a) 

 

c) 

 

b) 

 

d) 

 

e) 

 

f) 

 

Figure 4.12 - Effect of modified f/2 medium on nitrate (DIN and pmol/cell) and phosphate uptake (DIP 
and pmol/cell) 

As 5 x f/2 NP medium resulted in a significantly higher fucoxanthin (>4.5-fold), EPA 

(>1.5-fold) and protein (>2-fold) yield, along with an increased carbohydrate yield, and 

resulted in a higher EPA and fucoxanthin yield than the other elevated nitrate and phosphate 

treatments 5 x f/2 NP was selected for further increasing the biomass and product yields for 

CCAP 1055/1. 

 

4.4.4. Effect of salinity on biochemical composition 

Seldom reports have been conducted on the effect of salinity on the biochemical 

composition of P. tricornutum but UTEX 640 has been observed to have a higher growth rate 

in freshwater (Yongmanitchai and Ward, 1991) and CS-29/7 has been observed to grow up to 

75 % salinity (Ishika et al., 2018).  Typically, P. tricornutum CCAP 1055/1 is cultivated in 

natural seawater at 35 salinity (De Martino et al., 2007; Réveillon et al., 2016) or artificial 



 

119 | P a g e  

seawater using ~33-35 psu e.g. Instant Ocean, Tropic Marine (35 % salinity) (Caballero et al., 

2016; Jallet et al., 2020; Song et al., 2020).   

A high salinity in the culture medium can create oxidative stress minimise 

contamination from unwanted species (Das et al., 2011).  In addition, if seawater is used in 

photobioreactors (PBRs), bags or open ponds, evaporation will occur and it is important that 

P. tricornutum is able to tolerate a wide range of salinities.  A salinity increase is known to 

result in an increase in lipid content and β-carotene in some species, but a decrease in lutein 

in others (Ishika et al., 2017).  Some diatoms such as Amphora sp. were observed to have the 

highest content and fucoxanthin yield at higher salinities (85 %), but others have a higher 

salinity at that optimal for growth (Ishika et al., 2017).   

In this study we investigated two lower salinities (0 and 16.5 psu) and three higher 

salinities (49.5, 66 and 82.5 psu) as a broad range of salinities have not been tested to the 

authors knowledge to evaluate the effect on the biochemical composition and product yield.   

The protein (53.33 % DW), FAEE (6.97 % DW), EPA (2.22 % DW) and fucoxanthin 

(1.02 % DW) contents were highest at 33 g L-1 salinity and were found to decrease with a 

reduction in salinity (to 16.5 psu) and an increase in salinity (up to 82.5 psu).  The carbohydrate 

content (14.83 % DW) was highest at 16.5 psu and was found to decrease with an increase in 

salinity.  It has been determined that a salinity of 35 psu resulted in an increase in biomass 

yields compared with 20 psu in P. tricornutum CS 29/8, but salinity had no effect on EPA 

content (Cui et al., 2020).  For P. tricornutum UTEX 646 the maximum biomass concentration 

and EPA content was obtained at 30 psu but the highest lipid and fucoxanthin contents were 

observed at 20 psu showing that the effect of salinity on the biochemical composition is strain 

dependent (H. Wang et al., 2018).  This is in contrast to the current study where EPA decreased 

with a decrease or increase in salinity from 33 g L-1 at the concentrations tested.  For CS-29/7 

the optimal salinity for maximum fucoxanthin content was at 45 psu (Ishika et al., 2017). 

Yongmanitchai & Ward (1991) tested 0-24 psu and found for UTEX 640 (only 

freshwater strain known) that the highest EPA yield was obtained with cultivation in 

freshwater.  However, increasing the salinity up to 24 psu there was an apparent increase in 

EPA yield compared with 12 g L-1 (Yongmanitchai & Ward, 1991).  Comparatively, Qiao et 

al. (2016) tested four salinities (15-35 ppt) and found there was no effect on fatty acid 

composition. 
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a) 

 

b) 

 

c) 

 

Figure 4.13 - Effect of salinity on biochemical composition of P. tricornutum; a) EPA and fucoxanthin 
content and b) protein, carbohydrate and FAEE content.  CCAP 1055/1 did not grow iu freshwater and 
this was not analysed 
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Wang et al. (2018) compared growth of P. tricornutum UTEX 646 cultivated in 2f 

enriched medium under different salinities (5, 10, 20 and 30 %) under 70 µmol photons m-2 s-

1 and found that the highest biomass concentration was attained at 30 %.  The minimum lipid 

content was obtained at a salinity of 10 % but the maximum lipid content was obtained at a 

salinity of 20 % (44.44 % DW).  It was found that the EPA content decreased to 12.54 % TFAs 

from 16.46 % of TFAs (salinity decrease from 30 to 10 %), showcasing that low salinity 

appears to benefit EPA accumulation which was also found by Ye et al. (2015).  The highest 

fucoxanthin content (0.74 % DW) was obtained at a salinity of 20 %, but other salinities did 

not significantly affect the fucoxanthin content (Wang et al., 2018).   

The highest biomass concentration (0.83 g L-1 DW) and productivity (115 mg L-1 d-1) 

was attained with 66 psu in the current study.  For P. tricornutum MACC/B221 the highest 

photosynthetic activity was observed at 20-30 psu and salinity stress (<20 psu and >50 psu) 

resulted in major impairments of photochemical efficiency and inhibin of PSII electron 

transport (Liang et al., 2014) and it appeared CCAP 1055/1 was more halotolerant. 

Using 66 psu resulted in the highest productivity of protein (35.84 mg L-1 d-1) and 

FAEE (6.02 mg L-1 d-1).  The highest carbohydrate productivity (10.09 mg L-1 d-1) was attained 

with 49.5 psu.  Comparatively the highest fucoxanthin and EPA productivity was attained with 

33 psu (0.73 and 1.35 mg L-1 d-1).   

 

Table 4.5 - The effect of salinity (16.5, 33, 49.5, 66 and 82.5 g L-1) on biomass concentration and 
volumetric productivity) and product yields  

  16.5 psu 33 psu 49.5 psu 66 psu 82.5 psu 

Biomass 

concentration (g L-1) 0.48 ± 0.08 0.53 ± 0.07 0.73 ± 0.08 0.83 ± 0.10 0.69 ± 0.08 

Biomass 

productivity (mg L-1 

d-1) 65.57 ± 0.03 71.43 ± 0.03 101.71 ± 0.03 114.91 ± 0.04 95.68 ± 0.03 

Carbohydrate (mg 

L-1 d-1) 9.76 ± 0.43 8.51 ± 0.32 10.09 ± 0.31 9.80 ± 0.26 7.65 ± 0.24 

Protein (mg L-1 d-1) 23.72 ± 0.53 37.97 ± 0.82 34.99 ± 0.60 35.84 ± 0.46 19.56 ± 0.87 

Fucoxanthin (mg L-1 

d-1) 0.42 ± 0.07 0.73 ± 0.09 0.55 ± 0.07 0.52 ± 0.06 0.27 ± 0.04 

FAEE (mg L-1 d-1) 4.23 ± 0.35 4.97 ± 0.23 5.15 ± 0.33 6.02 ± 0.24 3.26 ± 0.19 

EPA (mg L-1 d-1) 1.35 ± 0.21 1.58 ± 0.13 1.46 ± 0.18 1.37 ± 0.11 0.81 ± 0.12 
 

 

Yongmanitchai & Ward (1991) found the highest biomass concentration (3.1 g L-1 

DW) at low salinity for P. tricornutum UTEX 646 in a test tube setup and the biomass 

concentration decreased with an increase in salinity with the lowest reported biomass density 
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at 24 psu (2.8 g L-1 DW).  It has been reported that the highest EPA and fucoxanthin production 

was obtained at a salinity of 20 psu for UTEX 646 (Wang et al., 2018).  For CS-29/7 the 

optimal salinity for maximum fucoxanthin yield (0.041 % ash free dry weight (AFDW)) was 

at 45 psu (Ishika et al., 2017). 

As 33 psu resulted in the highest fucoxanthin, EPA and protein yields, further work 

was conducted to increase the yields. 

 

4.4.5. Effect of carbon on biochemical composition  

CO2 can be supplied in either solid form (as carbonate or bicarbonate), in the gaseous 

form as CO2 of an organic carbon form (e.g. glycerol).  All three carbon sources were tested 

sequentially to determine if a further increase in biomass productivity and product yield could 

be obtained. 

 

4.4.6. Effect of bicarbonate on biochemical composition  

The presence of an efficient uptake system for CO2 and bicarbonate (HCO3-) has been 

identified in P. tricornutum (Burkhardt et al., 2001).  P. tricornutum is known is known to 

assimilate bicarbonate and a ‘chloroplast pump’ facilitates as the main active transporter 

(Hopkinson et al., 2016b).  When P. tricornutum was supplied with bicarbonate as an 

inorganic carbon source, between 73-99.99 % was consumed or remained dissolved in the 

medium (resulting in a CO2 consumption rate of 2.3 g CO2 g
-1 biomass but a reduction in 

growth and biomass production was observed (Piiparinen et al., 2018).  Bicarbonate addition 

at 10 mM was observed to result in an increase in biomass by 12 % and a 10 % higher 

maximum growth rate (Seo et al., 2018). 

In this study bicarbonate was tested in the concentration range of 5-125 mM and 

compared to the control (5 x f/2 NP) to see if bicarbonate resulted in an improvement in 

biomass and product yield.  When sodium bicarbonate was >10 mM no growth was observed 

and the bicarbonate precipitated out of solution which was likely due the pH increase, as Tris 

at 20 mM did not provide sufficient buffering capacity (Appendix B).   

Supplementation with 5- and 10-mM sodium bicarbonate resulted in a decrease in 

carbohydrate content (7.99 and 6.60 % DW respectively), a decrease in protein content (43.02 

and 35.95 % DW respectively), decrease in fucoxanthin (1.27 and 1.09 % DW respectively) 

and a decrease in EPA content (2.29 and 2.24 % DW).  However, an increase in FAEE content 
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was observed (8.00 and 11.52 % DW).  The addition of bicarbonate (25 mM) to nitrate 

depleted P. tricornutum CCAP 1055/1 has been shown to induce TAG accumulation (nile red 

determination) without cell division arrest (Gardner et al., 2012).  In the presence of 15 mM 

sodium bicarbonate an increase in lipid accumulation was also reported for CCAP 1055/1 

(Mus et al., 2013), but no increase in EPA was observed in UTEX 646 and a decrease in 

growth was observed (Hamilton et al., 2015).  P. tricornutum UTEX 646 cultivated in f/2 

medium supplemented with 60 mM bicarbonate supplementation resulted in an increase in 

growth, protein content (up to a 3-fold increase), and TFA content, but there was no clear trend 

in EPA content compared to the control without bicarbonate addition (Nunez and Quigg, 

2016).  The differences reported in this study could have been because the cells were carbon 

limited and bicarbonate use improves significantly when cells are grown in air (Matsuda et al., 

2001). 

a) 

 

b) 

 

Figure 4.14 - Effect of bicarbonate (5 and 10 mM) on biochemical composition of P. tricornutum; a) 
EPA and fucoxanthin content and b) protein, carbohydrate and FAEE content.  
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Supplementation with 5- and 10-mM sodium bicarbonate resulted in a decrease in 

biomass concentration (0.44 and 0.33 g L-1 respectively) compared to the 5 x f/2 NP control 

(0.52 g L-1).  A decrease in the carbohydrate, protein, fucoxanthin, FAEE and EPA 

productivity was observed with sodium bicarbonate. 

 

Table 4.6 - The effect of bicarbonate (5 and 10 mM) on biomass concentration and volumetric 
productivity) and product yields 

 

 

 

As an optimal biomass productivity and product yields were obtained without sodium 

bicarbonate supplementation, it was omitted. 

 

4.4.7. Effect of CO2 concentration on biochemical composition  

Carbon capture in P. tricornutum predominates in the form of bicarbonates and 

bicarbonate transporters (Hopkinson et al., 2016b).  It has been found that the optimal CO2 

concentration for biomass accumulation is in a narrow range (1-1.25 % CO2 in air (v/v), at a 

gas supply rare of 0.66 vvm, but 90 % of the CO2 left the medium unused (Meiser et al., 2004).  

Several carbonic anhydrases have been described in P. tricornutum which participate in carbon 

capture to ensure sufficient partial pressure of CO2 in the pyrenoid for CO2 fixation by Rubisco 

(Hopkinson et al., 2016b).  Plasma membrane-type aquaporins are known to function in CO2 

transport and provide photoprotection (Matsui et al., 2018).  It has been found that CO2 

concentration does not have a significant impact on the cell concentration and fucoxanthin 

content (McClure et al., 2018). 

5 x f/2 NP 5 mM bicarb 10 mM bicarb

Biomass concentration (g L-1) 0.52 ± 0.04 0.44 ± 0.01 0.33 ± 0.02

Biomass productivity (mg L-1 d-1) 66.75 ± 4.73 54.85 ± 1.17 38.87 ± 3.18

Carbohydrate (mg L-1 d-1) 8.46 ± 0.92 4.39 ± 0.26 2.59 ± 0.36

Protein (mg L-1 d-1) 30.57 ± 1.28 23.61 ± 1.16 13.87 ± 0.59

Fucoxanthin (mg L-1 d-1) 0.91 ± 0.19 0.69 ± 0.02 0.42 ± 0.06

FAEE (mg L
-1

 d-1) 4.59 ± 0.31 4.41 ± 0.56 4.49 ± 0.44

EPA (mg L-1 d-1) 1.60 ± 0.11 1.26 ± 0.09 0.86 ± 0.05
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The highest protein content (52.02 % DW) was obtained with 0.5 % CO2 and an 

increase in CO2 up to 2 % resulted in a decrease in protein, but with an apparent re-allocation 

to FAEE, EPA, and fucoxanthin (13.83, 3.37 and 1.42 % DW respectively).  There seemed to 

be no significant decrease in carbohydrate content and no significant increase in fucoxanthin 

content with an increase in CO2 concentration.  In P. tricornutum CS-29, CO2 concentration 

was not observed to have a significant impact on fucoxanthin (McClure et al., 2018). 

 

a) 

 

b) 

 

Figure 4.15 - Effect of CO2 concentration (0.5, 1 and 2 %) on biochemical composition of P. 
tricornutum; a) EPA and fucoxanthin content and b) protein, carbohydrate and FAEE content. 

 

A 5-fold increase in dry biomass concentration from 0.5 g L-1 to 2.5 g L-1 was observed 

when P. tricornutum UTEX 640 was cultivated for 7 days in Mann and Myers medium when 

CO2 was increased from 0 to 1 % (Yongmanitchai and Ward, 1991).  P. tricornutum 

(PHAEO2) in modified f/2 seawater (enriched with four-fold nitrate and phosphate) with a 

supply of 15 % CO2 resulted in an increased biomass productivity to 0.15 g L-1 d-1 (Negoro et 

al., 1991). 

The highest biomass concentration and productivity (108.15 mg L-1 d-1) was obtained 

with 2 % CO2.  In P. tricornutum CS-29, 2 % CO2 resulted in a decrease in biomass 
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concentration but this was because the culture was acidified (McClure et al., 2018).  All 

biochemical components were increased with an increase in CO2 to 2 % CO2 with a final 

protein (46.24 mg L-1 d-1), carbohydrate (11.95 mg L-1 d-1), FAEE (15.00 mg L-1 d-1), 

fucoxanthin (1.42 mg L-1 d-1) and EPA yield (1.18 mg L-1 d-1) significantly higher than the 

control (0.5 % CO2).  Compared with 0.5 % CO2, the biomass productivity was 1.8-fold higher 

with 2 % CO2.  An increase of >3-fold FAEE and >2.4-fold EPA was also observed. For 

UTEX 640 the highest EPA content was obtained at 5 % CO2 but the highest EPA productivity 

(7.5-fold higher) was obtained at 1 % CO2 and a dramatic decrease in culture pH was observed 

with CO2 supplementation due to the absence of a buffer (Yongmanitchai and Ward, 1991). 

 

Table 4.7 - The effect of CO2 concentration (0.5, 1 and 2 %) on biomass concentration and volumetric 
productivity) and product yields 

 

 

As 2 % CO2 supplementation resulted in a significant increase in biomass and product 

yields this concentration was selected for further improvement. 

 

4.4.8. Effect of glycerol and 2 % CO2 on biochemical composition  

P. tricornutum is a successful photoautotroph but is also capable of mixotrophic 

growth under glucose, fructose, acetate and glycerol, with glycerol known to result in the 

highest biomass and EPA productivity compared with photoautotrophy (Cerón-García et al., 

2013).  Glycerol uptake has a lower requirement for photosynthetically derived ATP than other 

carbon sources (Droop, 1974).  To date, mixotrophy has not been adopted for large-scale 

cultivation systems because of the technological barriers to maintain sterile conditions 

0.5 % CO2 1 % CO2 2 % CO2

Biomass concentration (g L-1) 0.47 ± 0.01 0.59 ± 0.01 0.88 ± 0.02

Biomass productivity (mg L-1 d-1) 57.81 ± 1.52 73.39 ± 1.24 108.15 ± 2.47

Carbohydrate (mg L-1 d-1) 7.97 ± 0.57 9.85 ± 0.72 11.95 ± 0.76

Protein (mg L-1 d-1) 30.06 ± 0.72 36.53 ± 1.88 46.24 ± 3.92

Fucoxanthin (mg L-1 d-1) 1.23 ± 0.06 1.34 ± 0.08 1.42 ± 0.05

FAEE (mg L
-1

 d-1) 4.36 ± 1.53 6.48 ± 2.02 15.00 ± 3.64

EPA (mg L-1 d-1) 1.53 ± 0.10 2.02 ± 0.01 3.64 ± 0.09
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(Matsumoto et al., 2017).  Even though a high biomass and EPA productivity is obtained with 

glycerol, currently it is difficult to achieve a high biomass and fucoxanthin content 

simultaneously.   

Glycerol at 0.1 M is the most commonly adopted concentration and has been reported 

in UTEX 640 to result in an increase in cell density tenfold compared to photoautotrophic 

production (Cerón García et al., 2000).  Glycerol at 0.06 M has been used for CCAP 1055/1 

and was found to result in an increase in cell density fourfold compared to the photoautotrophic 

control (Penhaul Smith et al., 2020).  As low light is required for increasing fucoxanthin and 

EPA content, glycerol has the potential to overcome photolimitation.  It has been suggested 

that glycerol has a similar effect to nitrogen limitation and leads to an increased synthesis of 

TAG (via the Kennedy pathway) and unsaturated fatty acids through conversion of existing 

glycolipids with a resultant increase in biomass without the loss of photosynthetic capacity in 

the cell (Villanova et al., 2017).   

In this study the effect of glycerol under low light (142 µmol photons m−2 s−1) and high 

CO2 concentration was investigated which has not been conducted before to look at further 

improvements in biomass productivity and product yield.   

The protein content was observed to be highest in the photoautotrophic control (5 x f/2 

NP) medium (42.09 % DW) but decreased with an increase in glycerol to 28.60 % DW.  The 

highest carbohydrate content was observed with 0.01 M glycerol (16.15 % DW) but was found 

to decrease with a further increase in glycerol concentration to a minimum of 10.02 % DW at 

0.1 M glycerol.  This is in contrast to Villanova et al. (2017) and Penhaul Smith et al., (2020) 

who found that glycerol increases carbon storage carbohydrates in CCAP 1055/3 (0.05 M 

glycerol) and CCAP 1055/1 (0.06 M glycerol) respectively. The FAEE content was found to 

increase from 12.63 % DW in 5 x f/2 NP medium to 18.05 % DW in 0.1 M glycerol.  This is 

similar to that reported by Cerón García et al. (2000) and Villanova et al. (2017) who reported 

an increase in the synthesis of TAG in CCAP 1055/3 and UTEX 640 respectively.   

The fucoxanthin content was highest without glycerol addition (1.07 % DW) and 

decreased with glycerol supplementation to 0.34 % DW at 0.1 M glycerol.  Reduced 

photosynthetic activity has been reported in P. tricornutum (Liu et al., 2009) which could have 

an impact on the FCP complex.  Penhaul Smith et al. (2020) also observed a decrease in 

carotenoid content at higher glycerol concentrations. 

The EPA content was found to increase to 3.80 % DW with 0.01 M glycerol but a 

decrease in EPA content was observed with a further increase in glycerol concentration.  In 

the literature (without CO2 addition) it has been found that EPA content increases up to 2.38 
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% DW with 0.01 M glycerol supplementation (1.90 % DW with phototrophic cultivation) and 

then decreases in UTEX 640 (Cerón García et al., 2000).  The TFA content has also been 

observed to increase from 7.24 % DW in phototrophic cultivation to 15.52 % DW with 0.1 M 

glycerol supplementation (Cerón García et al., 2000).   

 

a) 

 

  

b) 

 

Figure 4.16 - Effect of glycerol (0.01-0.1 M) on biochemical composition of P. tricornutum; a) EPA 
and fucoxanthin content and b) protein, carbohydrate and FAEE content 

 

The highest biomass concentration was observed with 0.05 M glycerol (1.53 g L-1) 

which was 1.7-fold higher than phototrophic cultivation with 5 x f/2 NP.  However, a further 

increase to 0.1 M glycerol resulted in a decrease in biomass concentration (1.22 g L-1).  Higher 

biomass concentrations of 3-25 g L-1 have been reported in the literature (Fernández Sevilla et 

al., 2004; Yang and Wei, 2020).  However, often the cultivation time is long.  Penhaul Smith 

et al. (2020a) obtained a biomass concentration of 1.13 g L-1 after 21 days with 0.1 M glycerol 
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in CCAP 1055/1.  However, in the current study with 0.1 M glycerol we obtained 1.22 g L-1 

after only 7 days, which was likely because a higher light intensity, continuous light and CO2 

was supplied.   

The highest carbohydrate (32.53 mg L-1 d-1), protein (76.9 mg L-1 d-1), fucoxanthin 

(1.78 mg L-1 d-1), and EPA productivity (7.54 mg L-1 d-1) was observed with supplementation 

of 0.01 M glycerol.   

 

Table 4.8 - The effect of glycerol concentration (0.01-0.1 M) on biomass (concentration and volumetric 
productivity) and product yields 

 

 

P. tricornutum UTEX 640 cultivated mixotrophically with 0.1 M glycerol resulted in 

in the highest biomass concentration (25.4 g L-1), biomass productivity (1.7 g L-1 d-1) and EPA 

productivity (56 mg L-1 d-1) to date (Fernández Sevilla et al., 2004).  In the literature 0.1 M 

seems to consistently result in a high biomass and EPA productivity (1.5 g L-1 d-1 and 40 mg 

L-1 d-1 respectively) under semi-continuous cultivation (Cerón-García et al., 2013) but there is 

a high risk of culture collapse from bacterial overgrowth (data not shown).  The mechanisms 

of uptake and metabolism of glycerol are important areas for further study, along with 

controlling the bacterial population. 

 

4.5. Conclusion 
A high throughput flask screening approach was used to optimise product yields, 

particularly fucoxanthin and EPA using f/2 medium as a baseline in P. tricornutum CCAP 

1055/1.  To the authors knowledge this is the first time CCAP 1055/1 has been explored as a 

biorefinery chassis for high value (fucoxanthin and EPA) and commodity products (protein 

and carbohydrate).  A culture medium consisting of nitrate and phosphate at 4.41 mM and 

0.18 mM (5-fold those employed in the traditional f/2 medium), salinity at 33 %, 2 % CO2 (v/v 

5 x f/2 NP 0.01 M glycerol 0.025 M glycerol 0.05 M glycerol 0.1 M glycerol

Biomass concentration (g L-1) 0.90 ± 0.05 1.40 ± 0.03 1.47 ± 0.02 1.53 ± 0.05 1.22 ± 0.01

Biomass productivity (mg L-1 d-1) 125.79 ± 6.81 198.52 ± 4.19 206.95 ± 3.60 216.87 ± 6.50 170.69 ± 1.10

Carbohydrate (mg L-1 d-1) 14.3 ± 2.80 32.3 ± 7.7 26.6 ± 2.40 28.0 ± 0.3 17.1 ± 2.4

Protein (mg L
-1

 d
-1

) 52.7 ± 2.50 76.9 ± 4.29 70.6 ± 7.07 65 ± 3.16 48.78 ± 3.23

Fucoxanthin (mg L-1 d-1) 1.35 ± 0.14 1.78 ± 0.17 1.10 ± 0.17 0.84 ± 0.11 0.57 ± 0.24

FAEE (mg L-1 d-1) 16.03 ± 2.15 31.92 ± 1.28 35.08 ± 2.30 37.83 ± 0.19 30.83 ± 2.07

EPA (mg L-1 d-1) 4.34 ± 0.43 7.54 ± 0.33 6.44 ± 0.50 6.33 ± 0.05 3.46 ± 0.16
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in air), and a transition to mixotrophy using glycerol (0.01 M) were found to result in increased 

biomass, protein, fucoxanthin, EPA, and protein yields (up to 10-fold).  To the authors 

knowledge this is the first study that has explored the effect of glycerol and CO2 in 

combination towards a biorefinery approach with biomass rich in fucoxanthin and EPA. 
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Chapter 5: The transition away from 

chemical flocculants: commercially viable 

harvesting of Phaeodactylum tricornutum 
 

This chapter is published as: 

Butler, T.O., Acurio, K., Mukherjee, J., Dangasuk, M.M., Corona, O. and 

Vaidyanathan, S., 2021. The transition away from chemical flocculants: Commercially viable 

harvesting of Phaeodactylum tricornutum. Separation and Purification Technology, 255, 

p.117733. 
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5.1. Abstract 
 

Harvesting can contribute up to 15% of the total production cost for microalgal 

biomanufacturing.  Using flocculants is potentially a cost-effective approach but there has 

been considerable debate on the efficacy, cost, toxicity to the cell and environment, and the 

effect on the biomass further downstream.  In this study, a range of biobased flocculants 

(chitosan from crab shells, Moringa oleifera seed extract, pectin from bananas, tannic acid-

based derivatives from Acacia tree bark and egg shell powder) were compared with traditional 

chemical flocculants (aluminium sulphate, iron chloride and sodium hydroxide) for harvesting 

the diatom Phaeodactylum tricornutum.  It was concluded that Tanac’s tannin based Tanfloc 

8025 (SL range) was the most promising, requiring a low concentration (10.4 kg ton-1 

biomass), and low cost ($27.04 ton-1 microalgal biomass). The flocculant was effective over a 

wide pH (7.5-10.0) and temperature (15-28°C) range and harvesting (>85% efficiency) 

occurred in 10 mins, which resulted in a biomass concentration factor of ≥5.69. 

 

Keywords: microalgae; harvesting; biobased; bioflocculant, waste 
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5.2. Introduction 
The microalga Phaeodactylum tricornutum is a model diatom that is known to 

accumulate a spectrum of marketable natural and engineered products (Butler et al., 2020).  It 

is a commercially viable species for large-scale cultivation, and in outdoor mass culture 

systems, it has been shown to dominate and outcompete other microalgal species with a 

tolerance for high pH and an ability to grow under low light (Piiparinen et al., 2018; Remmers 

et al., 2018).  P. tricornutum is typically cultivated in suspended culture, requiring cell harvest 

and extraction stages, which represent a target for increasing the cost competitiveness for the 

development of commercially viable manufacturing processes.  

Harvesting alone can contribute up to 15% of the total microalgal production cost 

(Fasaei et al., 2018).  Typically, less than 0.5 g L-1 dry weight (DW) (0.05% solids) is obtained 

in open raceway ponds, with a higher order of cell density achieved in photobioreactors, and 

industrial fermenters (Pahl et al., 2013).  For commercial viability, the harvesting technique 

must meet specific criteria: increase the solid content to 10-25% total dry matter, be time 

efficient (requiring less than 1 h), be of high efficacy (>80%), be cost effective, require a low 

energy input, leave behind little or no toxic residues, and not affect the quality of the biomass 

downstream (’t Lam et al., 2017).  Centrifugation (including conventional cream separators, 

disc stack-, bucket, and super-centrifuges) is the current option, industrially.  However, 

centrifugation is energy intensive (1 KWh m-3) and can account for 20-25% of the cultivation 

costs (’t Lam et al., 2017; Molina Grima et al., 2003).  Using flocculation can result in an 

energy demand reduction from 13.8 to 1.34 MJ kg-1 when compared to centrifugation (Hesse 

et al., 2017). 

A wide variety of harvesting methods have been suggested for P. tricornutum.  

However, the most well researched area has focussed on flocculation with this method being 

scalable.  Flocculants are well characterised and are effective through different modes; charge 

neutralisation (inorganic flocculants), sweeping, polymeric bridging (organic flocculants) and 

electrostatic patch mechanisms (Vandamme et al., 2010).   

The concentrations of chemical flocculants required for flocculating marine 

microalgae are often five to ten-fold higher than for freshwater microalgae (Sukenik et al., 

1988; Uduman et al., 2010).  Metal salts (ionic) such as aluminium and iron chloride are the 

most commonly used flocculants for harvesting microalgae and are already applied 

commercially in breweries, drinking water supplies, mining, and wastewater treatment 

(Vandamme et al., 2013).  However, these metals have been found to remain in microalgal 

biomass after lipid and carotenoid extraction and the residues can be toxic (Rwehumbiza et 
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al., 2012; Singh and Patidar, 2018). Consequently, an additional step is required further 

downstream to remove the flocculant from the biomass, incurring additional expense. 

To date, many chemical flocculants have been tested (cationic, anionic, and non-ionic) 

for harvesting microalgae but there has been an inconsistency with the setup design, flocculant 

concentration used, the initial biomass density, optimal pH, and the sedimentation time for 

comparing commercially viable flocculants.  In addition, few studies have addressed the 

impact on final product quality.  The efficiency of a flocculant depends on several factors; 

including the species, strain, culture conditions, ionic environment, stirring rate, concentration 

of flocculant, pH, and temperature.  Flocculant costs in excess of $0.10 kg-1 DW algae 

constrain commercial implementation and targets of $0.04 kg-1 are required (Rogers et al., 

2014).  In transitioning towards a sustainable circular economy there is a desire to use biobased 

flocculants.  Biobased flocculation offers considerable potential as an environmentally 

friendly and potentially cost-effective approach.  Chitosan (10 mg L-1) has been observed to 

be the optimal flocculant tested to date (in terms of efficacy and time) for P. tricornutum 

(biomass density 0.2-0.5 g L-1) resulting in a 100% harvesting efficiency after 15 mins at pH 

8 (Lubián, 1989).  However, the cost of harvesting ($0.32 kg-1 DW) is prohibitive for 

commercial harvesting applications.  In this investigation, the use of sustainable biobased 

flocculants were explored which have shown promise in the literature: chitosan from crab 

shells (Şirin et al., 2012), eggshell powder (Choi, 2015), Moringa oleifera seed powder (Abdul 

Hamid et al., 2016), pectin from bananas (Kakoi et al., 2016), and two commercial Acacia tree 

bark tannin derived products from Tanac (Brazil); Tanfloc 6025 (SG range) and 8025 (SL 

range) (Roselet et al., 2015).  Our focus was to identify the most effective natural or biobased 

harvesting solution that was commercially viable and environmentally sustainable. 

 

5.3. Materials and methods 

5.3.1 Phaeodactylum tricornutum culture and growth conditions  

 
P. tricornutum CCAP 1055/1, obtained from the Culture Collection of Algae and 

Protozoa (CCAP) was cultivated in modified f/2 medium (Guillard, 1975) (elevated nitrate 

and phosphate: 4.41 mM nitrate and 0.17 mM phosphate) with 33 g L-1 of artificial seawater 

(Instant Ocean, Aquarium Systems, US), in 5 L Duran bottles, in fed-batch mode to ensure 

nitrogen and phosphorus replete conditions. A continuous irradiance of ca. 240 µmol 

photons m−2 s−1 was used using 45 W red: blue (70:30) 225 LED (Excelvan) with the 
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cultivation at 21 °C ( 1 °C).  The culture was aerated at 3 lpm (0.7 vvm) through a 0.22 µm 

air filter.  The pH of the culture was observed to range from 9.16 to 10.15 over the cultivation 

period.   

 

5.3.2  Inorganic and biobased flocculants 

 
Unless mentioned otherwise, all chemicals were purchased from Sigma Aldrich, UK.  

The inorganic chemical flocculants tested as a baseline were iron chloride (Fisher Scientific, 

UK) and anhydrous aluminium sulphate (stock solution of 10 g L-1).   Low molecular weight 

chitosan (deacylated chitin) was dissolved in 1% acetic acid solution under constant magnetic 

stirring to form a 10 g L-1 stock (pH approximately 4).  In order to form a homogeneous clear 

solution, the mixture was stirred overnight.  Three sources of pectin were used, two 

commercial sources, CU 201 (high methyl-esterified 70%) and 701 (low methyl-esterified 

36%) (Herbstreith and Fox, Sweden) heated to 100ºC and dissolved in deionised water, and a 

pectin extract from banana peels (locally sourced).  The banana peels were dried at 60°C for 

24 h and then coarsely ground and stored at room temperature prior to extraction of pectin.  

The pectin was extracted according to Emaga et al. (2008) with minor modification.  The 

pectin was extracted with sulphuric acid (pH 2, 90ºC for 1 h), the residue freeze dried using a 

CoolSafe freeze dryer (Labogene, Denmark) and then a stock solution equivalent of 10 g L-1 

was prepared in deionised water.  Waste eggshells were prepared after boiling, according to 

Kothari et al. (2017) with minor modification.  The fine powder formed was dissolved in 10 

mL of 0.1 mol L-1 of hydrochloric acid solution and the mixture was stirred for 30 mins to 

obtain a stock solution of 10 g L-1.  Moringa oleifera (Moringa) seeds were purchased from 

Herbalii, UK.  The seeds were unshelled and mechanically ground as only the seed powder 

results in flocculation.  The powder was sieved with a 600 µm mesh for homogeneity (Abdul 

Hamid et al., 2014) and used directly for the test. Tanfloc 6025 and 8025, two commercial 

quaternary ammonium polymers based on tannins extracted from the black wattle tree (Acacia 

mearnsii), were obtained from Tanac (Brazil) in a concentrated solution of 25% (w/w) and 

were diluted 100-fold with deionised water. These polymers were kindly provided by a 

distributor of the manufacturer, Lansdown Chemicals (OQEMA, UK).   
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5.3.3. Harvesting experimental setup 

 
Before beginning the flocculation trials, the concentration of the microalgae 

suspension was always adjusted to 5 x 106 cells mL-1 (~0.07 g L-1 DW) [determined using an 

Advanced Neubauer haemocytometer (BS-748, Hawksley) using a microscope (BX51, 

Olympus)]. Flocculation efficiency was evaluated in 500 mL glass columns (42 cm height 

with a 25 cm working height, 5.5 cm diameter, height/diameter ratio = 4.55) arranged as shown 

in Fig. 1.  The cylinders were supported on a magnetic stirrer (RT10 Power, IKA, UK).  To 

each glass cylinder, 500 mL of the culture (5x106 cells mL-1) at pH 9.16-10.15 was aliquoted, 

different concentrations of flocculants were added as detailed below, and stirred at 1000 rpm 

for 10 mins for uniform flocculant dispersal. Preliminary experimentation showed that there 

was no effect of centrifugation and re-suspension in the fresh medium compared with the 

cultivated biomass (data not shown).  The pH was then adjusted to pH 7.5 and pH 9.0 with 

1  M of HCl or 100% CO2 and the culture was mixed for 15 mins at 250 rpm to allow floc 

formation.  The pH was monitored using a pH meter (FE20 FiveEasy, Mettler Toledo).  After 

mixing, the microalgae suspension settling time was monitored every 10 mins over a 60 min 

time period, with a 1 mL aliquot drawn 5 cm from the top layer of the suspension in the glass 

column, and the optical density at 750 nm measured by spectrophotometry (SPECTROstar 

Nano, BMG Labtech, Germany).  The harvesting efficiency was calculated from the difference 

in optical density (OD at 750 nm) between the P. tricornutum suspension at the start of the 

harvesting experiment (t0) and that after a defined settling time (tt), a commonly utilised 

method (Şirin et al., 2012; Vandamme et al., 2018): 

Harvesting efficiency (%) =
𝑂𝐷750𝑡0

 −  𝑂𝐷750𝑡𝑡

𝑂𝐷750𝑡0

∗ 100 
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b

b) 

 

c

c) 

 

 

 
Fig. 5.17.  Harvesting experimental setup: a) the experimental workflow, b) Settling 
column arrangement with 500 ml algal culture and c) concentration factor 
determination.  The cells were cultivated under red: blue light in 5 L Duran bottles, 
500 ml was diluted to the required cell density (5 x 106 cells mL-1), the flocculant added, 
pH adjusted and the samples were withdrawn 5 cm from below the liquid meniscus at 
~20 cm height from the bottom of the column. 
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5.3.4. Flocculation and sedimentation experiments 

 
Sodium hydroxide, calcium oxide, and calcium hydroxide (Sigma Aldrich, UK) were 

tested for alkaline flocculation.  To standardise the dosage of base, the pH of the culture 

medium was adjusted to pH 6.5 with 1 M HCl and a 1 M stock of the base was used to increase 

the pH to 10.5. The effect of autoflocculation was explored without the addition of any 

flocculant to the starting culture (pH 9.16 to 10.15) to determine if high pH alone was 

responsible for flocculation.   

The zeta potential was measured using a phase amplitude light-scattering (PALS) zeta 

potential analyser (BrookHaven ZetaPALS, UK).  The electrode was initially equilibrated to 

the new medium for 10 mins.  Microalgae cultures with sodium hydroxide were centrifuged 

at 6000 rpm for 5 mins to obtain the mother liquor, and a 50-fold dilution was conducted on 

the original culture in this mother liquor as recommended by the manufacturer.  The 

Smoluchowski model was applied as the solution was non-aqueous.  Measurements were 

conducted using an electric field of 2.5 V/cm at a frequency of 2.0 Hz.  The reported values 

represent the average of five successive runs of 20 cycles each, using the ZetaPALS.  Three 

replicates of each treatment were used in the analysis. 

For the flocculant screening trials, aluminium sulphate and iron chloride (chemical 

flocculants) and Moringa seeds, eggshell, chitosan, Tanfloc’s 8025 and 6025 (bio-based 

flocculants) were evaluated at 100, 50 and 20 mg L-1.  Tests were conducted without the 

addition of a flocculant to determine if 100% CO2 could replace 1 M HCl for lowering the pH.  

As CO2 did not induce flocculation, the pH value was reduced to pH 7.5 and 9.0 using 100% 

CO2 as a more environmental and cost-effective approach.  All the tests were performed in 

triplicates with biomass at different time points of cultivation except the control (nine 

biological replicates were examined as the pH was highly variable from 9.16 to 10.5). 

5.3.5. Effect of flocculant dosage, flocculation time, flocculation 
temperature, and biomass concentration on flocculation efficiency 

 

Iron chloride was compared to Tanfloc 6025 and 8025 at 5 mg L-1 and the harvesting 

efficiency was recorded after 10 and 20 mins.  To evaluate the performance and behavior of 

Tanfloc 6025 and Tanfloc 8025 the concentration of the selected bio-flocculant was tested at 

100, 50, 20 and 5 mg L-1 over a more rigorous pH range (pH 7.5, 8.0, 8.5, 9.0, 9.5, and 10.0) 

and a 2D response surface interaction was conducted (Hesse et al., 2017).   
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The effect of temperature during the harvesting process was studied as this will be 

applicable when operating in an industrial location.  Three different temperatures were tested 

15 ºC [optimal for eicosapentaenoic acid (EPA) content], 21ºC (optimal for biomass and EPA 

productivity), and 28 ºC (upper thermal tolerance for P. tricornutum CCAP 1055/1).  Those 

temperatures were chosen between the ranges at which microalgae physiology is not affected 

and all cells remained viable.  Temperature was fixed in the incubator and the tests were 

conducted after thermal equilibrium was achieved between the culture and the environment.  

Different initial cell concentrations were tested by diluting with Instant Ocean Sea 

Salts (33 g L-1) or concentrating the sample by centrifugation (Sorvall, Thermo Scientific) as 

required.  The concentrations tested were 1, 2, 5, 10, 20 and 40 (x 106) cells mL-1.  Dry weights 

were determined using a speedvac centrifugal freeze dryer (ScanVac Coolsafe 110-4).   

The concentration factor (CF) is a parameter which provides information about the 

residual water content of the particulate phase.  The CF is the ratio of final product 

concentration to the initial concentration (Şirin et al., 2012).  The height of the examined 

microalgal culture (hculture) and the final height of the concentrated algae (hconc. algae) was used 

to determine the CF.  The CF was calculated after 10 mins as in Şirin et al. (2012). 

5.3.6. Effect of flocculants on fatty acid methyl ester (FAME) 
composition using a wet processing method 

 
For the effect on fatty acid methyl ester (FAME) composition, aliquots of 5 mL of algal 

culture were harvested by centrifugation at 4000 rpm for 10 mins, the pellets washed with 0.01 

M phosphate buffered saline (PBS) and transferred to 2 mL Eppendorf safe-lock tubes, 

centrifuged at 13,000 rpm for 5 mins and stored at -20°C for analysis.  Flocculants which 

resulted in >80% harvesting efficiency at their lowest respective dose [aluminium sulphate, 

iron chloride, Tanfloc 6025 and Tanfloc 8025 at 20 mg L-1 and sodium hydroxide at 264 mg 

L-1 (6.6 mM)] were compared to the control (no flocculant addition).  For comparative dry 

weight calculations, the samples were then freeze dried using a CoolSafe freeze dryer 

(Labogene, Denmark).  These pellets were weighted using a 5 d.p. balance for subsequent data 

analysis (Sartorius, UK).  A modified version of Kapoore (2014) was used for FAME analysis 

using direct transesterification on the wet biomass with methanolic-HCl (7%) replacing BF3 

as the acid catalyst.   
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5.3.7. FTIR analysis of Tanfloc 6025 and 8025 

 
Fourier transformation infrared spectroscopy (FTIR) of both Tanfloc 6025 and 8025 

flocculants was conducted using an IR Prestige-21 Fourier Transformation Infrared 

Spectrophotometer (Shimadzu, UK).  Samples were dried on a diamond Attenuated Total 

Reflectance (ATR) apparatus (Pike Technologies, USA) separately attached to the FTIR.  A 

blank spectrum was run as a background using the ATR without the samples and the baseline 

shift of the spectra was corrected using the IR solution software provided with the Shimadzu 

FTIR instrument.  Two replicates for each sample were analysed.  At least 64 scans, with 

resolution of 4 cm-1 using the Happ-Genzel apodization function were collected for all 

samples.  Spectral processing was carried out using the IR solution software, including 

correction for carbon dioxide, atmospheric water vapour, and baseline correction.  A second 

derivative of the spectra was conducted, and the spectra were overlaid to identify the 

differences and putatively identify the chemical origins of the regions showing difference. 

5.4.1.  Statistical analysis 

Each treatment was performed in triplicate except for the control culture without pH 

control (n=9), and the mean and standard error of the dependent variable (harvesting 

efficiency) are presented in the results.  Statistical analysis of the experimental data was 

conducted using SPSS statistical software (SPSS Statistics 26, IBM).  The data was tested for 

normality using a Kolmogorov-Smirnov test and if these data were normally distributed 

(P>0.05) they were subsequently tested for equal variance using Levene’s test.  If variances 

were considered equal, then a one-way/two-way ANOVA or MANOVA and a post-hoc 

Tukey’s test was utilised to understand where the differences were.  If samples were not 

normally distributed (P<0.05) then a Kruskall-Wallis and post-hoc Dunn’s non-parametric 

comparison was undertaken to understand the changes.  The statistical difference of each set 

of experiments was studied with the analysis of the P value.  In addition, this value was used 

to select parameters that were significant. 

5.4.  Results and Discussion 

5.4.1. Autoflocculation and alkaline flocculation 

The concept of autoflocculation was first devised by Golueke and Oswald (1970) and 

was understood to occur at high pH due to CO2 depletion.  In later years autoflocculation was 

determined to be induced by chemical coprecipitation with magnesium and calcium salts in 
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the culture medium (Shelef et al., 1984).  Autoflocculation can also be induced by increased 

extrapolymeric substance (EPS) production which can neutralise cell surface charge 

(increasing illumination/temperature/dissolved oxygen/CO2 or through nutrient deficiency or 

darkness) and also through increased cell density (ageing of microalgal culture) (González-

López et al., 2013; Şirin et al., 2012).   

Alkaline flocculation (sometimes incorrectly termed autoflocculation) is another 

method to induce flocculation.  Flocculation for P. tricornutum CCAP 1055/1 commences at 

pH 10 and reaches 90% harvesting efficiency at pH 10.5 when magnesium and calcium are 

present in the medium, but in the absence of these elements no flocculation occurs (Vandamme 

et al., 2015b). The harvesting efficiency remains effective up to pH 12 (Vandamme et al., 

2015b) but a decrease in photochemical efficiency is observed and the culture becomes lighter 

brown in colour (Spilling et al., 2011).  It has been revealed that 3 mM sodium hydroxide at 

pH 10.6 resulted in 91% harvesting efficiency in P. tricornutum CCAP 1055/1  (Vandamme 

et al., 2018).  However, in an earlier report with the same strain, 4 mM of sodium hydroxide 

(pH 10.3) was reported to be necessary to maximise harvesting efficiency (71%). However, 

this resulted in a white sludge with a magnesium content of 5% and a mineral content greater 

than 10%, requiring hydrochloric acid addition to remove the magnesium from the biomass 

(Vandamme et al., 2015a), as this is above the recommended level (<10%) for food and feed 

applications.   

In the current investigation, the objective was to determine if autoflocculation was 

possible without the addition of petrochemically derived chemicals.  We altered environmental 

factors, including flocculation in the dark, high temperature (up to 45°C) and high light (250-

1000 µmol photons m-2 -s), all of which resulted in poor harvesting efficiencies after 1 h 

(<13%) (data not shown).  By manipulating pH it was observed that the culture pH alone (even 

in the alkaline region), at 9.16-10.15, at different time points during the fed-batch experiments, 

did not result in ‘auto’flocculation even after 1 h (Fig. 2a).  However, when the culture pH 

was reduced to pH 6.5, and sodium hydroxide added to adjust the pH back to the alkaline 

range, a critical concentration of sodium hydroxide (>5.4 mM-6.6 mM) was required for 

flocculation (Fig. 2b), suggesting that pH in itself (pH 9.5 – 10) is not sufficient for 

flocculation.  It was further validated through zeta potential analysis that at higher 

concentrations of sodium hydroxide (>5.4 mM), the zeta potential increased, indicating charge 

neutralisation of the cells (Fig. 2b).  As observed by Vandamme et al. (2015a), the formation 

of a white precipitate was observed when flocculation occurred (6.6 mM) (Fig. 2b).  As 

autoflocculation could not be induced without chemical addition, and a white sludge was 
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formed, requiring the addition of hydrochloric/nitric acid for deflocculation, a series of 

biobased flocculants were explored for more natural flocculation methods. 

   

a)  

 

b)  

 

Fig. 5.18 - Autoflocculation and alkaline flocculation: a) autoflocculation with culture 
obtained directly without pH adjustment (pH of the culture ranged from 9.16 to 10.15) 
(n=9) from 10 mins to 1 h and b) the effect of sodium hydroxide concentration and pH 
(starting pH 6.5) on harvesting efficiency and zeta potential after 20 mins (n = 3)  

 

5.4.2 Bio-based flocculation 

As autoflocculation was not observed to be effective without the addition of sodium 

hydroxide, and to avoid chemical addition, a series of non-toxic biobased flocculants (pectin, 

Moringa seeds, eggshell powder, chitosan, Tanfloc 6025 and Tanfloc 8025) were examined to 

evaluate their flocculation ability and their performance compared with that of the 

conventional chemical flocculants (aluminium sulphate and iron chloride) at two pH 

conditions (7.5 and 9.0).   

Typically, pH 7.0 to 8.5 has been used for flocculation studies for P. tricornutum (’t 

Lam et al., 2014; Schlesinger et al., 2012).  As sodium hydroxide was revealed to induce 

flocculation at 5.4-6.6 mM and given the cultures were already at a high pH (pH 9.16-10.15) 

the culture pH had to be reduced to accommodate the addition of sufficient sodium hydroxide. 

This was achieved with 1 M HCl (up to 1.5 mM required to attain pH 7.5) or by sparging the 

culture medium with 100% CO2.  Either approach for pH reduction did not affect the 
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harvesting efficiency compared to the control (Fig. 3a) and CO2 offers an environmentally 

favourable method with reduced cost.  

 

a) 

 

 

b) 

 

c) 

 

d) 

 

Fig. 5.19.  Chemical and bio-based flocculation: a) Effect of adding hydrochloric acid compared 
with 100% CO2 for pH reduction with harvesting efficiency reported after 20 mins, b) Performance 
of biobased flocculants (chitosan, calcium carbonate from eggshells, Moringa seeds and Tanfloc 
products from Acacia tree bark) compared with conventional chemical-based flocculants 
(aluminium sulphate and iron chloride) at 100 mg L-1 after 20 mins of flocculation (n= 3 replicates). 
Effects of lowering the flocculant dosage for the most effective flocculants are shown in c) 50 mg L-

1 and d) 20 mg L-1.  Red dotted line shows 80% harvesting efficiency. 

 

To date, various chemical flocculants (hydroxides, aluminium sulphate and 

ammonium chloride), bioflocculants (chitosan, poly-gamma-glutamic acid and cationic 

starch), and synthetic polymers (e.g. Zetag) have been investigated for harvesting P. 

tricornutum  (’t Lam et al., 2014; Schlesinger et al., 2012; Şirin et al., 2012; Vandamme et al., 

2010; Zheng et al., 2012).  Typically a biomass concentration of 0.15-0.50 g L-1 DW is used 

for flocculation studies (Vandamme et al., 2015a, 2010) and the biomass concentration used 

can have important implications for the dosage of flocculant to be effective, as dosage often 
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increases with biomass concentration (Vandamme et al., 2010).  The minimum concentration 

of flocculant found to result in >90% harvesting efficiency for P. tricornutum was 10 mg L-1 

chitosan at pH 8 (100% harvesting efficiency) (Lubián, 1989).  For chemical flocculation, the 

lowest concentration of flocculant tested for harvesting P. tricornutum was 25.7 mg L-1 

aluminium sulphate which resulted in 94% harvesting efficiency at pH 7 (Vandamme et al., 

2018).  The concentration of chemical flocculant in the literature has varied considerably up 

to a maximum of 270 mg L-1 using aluminium sulphate (Şirin et al., 2012).  In this study, an 

intermediate value of 100 mg L-1 was selected to observe if there were any differences at pH 

7.5 and 9.0 and this was reduced further (50 and 20 mg L-1) to observe the combined impact 

of flocculant dosage and pH on the harvesting efficiency of P. tricornutum.  To date, no data 

exists on harvesting efficiency using the chemical flocculant iron chloride for harvesting P. 

tricornutum.   

Aluminium sulphate was found to be the most effective flocculant at pH 7.5 (>92% 

harvesting efficiency) at all three concentrations tested, but in all cases the flocculation 

efficacy decreased at pH 9.0 (30-88% harvesting efficiency) (Fig. 3b-d).  In alkaline 

conditions, monomeric hydroxoaluminium anions dominate the solution and reduce the 

absorption capacity of microalgal cells and it has been reported that sweeping and enmeshment 

is responsible for sedimentation (Barros et al., 2015).   

Iron chloride was found to operate effectively at pH 7.5 with >90% harvesting 

efficiency.  Iron chloride was equally effective at pH 7.5 and 9.0 at 100 mg L-1 (90-94% 

harvesting efficiency), but at 50 and 20 mg L-1, the harvesting efficiency was found to decrease 

at the higher pH (Fig. 3c-d).  There was no statistically significant difference between iron 

chloride and aluminium sulphate at pH 7.5 at the tested concentrations.  However, the 

difference in performance between the two chemical flocculants became apparent at pH 9.0 at 

reduced concentrations (50 and 20 mg L-1), where iron chloride had a significantly greater 

harvesting efficiency than aluminium sulphate (ANOVA and post hoc Tukey’s test, F = 85.73, 

P <0.01, df = 1) and was revealed to be suitable as a non-toxic chemical replacement. 

In terms of the bio-based flocculants, pectin has not been tested for harvesting 

microalgae, Moringa seeds and eggshell powder have not been tested on marine microalgae, 

and tannin based flocculants have only been tested for freshwater microalgae and 

Nannochloropsis oculata in seawater (Roselet et al., 2015).  Preliminary experimentation with 

pectin resulted in no significant difference in harvesting efficiency compared to the control 

without flocculant addition over both pH ranges (data not shown).  Moringa seeds and eggshell 

powder were ineffective at pH 7.5 and 9.0 (<22% harvesting efficiency) (Fig. 3b).  The high 
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ionic strength of the medium due to the salinity may have caused coiling of the flocculants 

(Roselet et al., 2015).   Moringa seed derivatives and eggshell powder are both natural 

polymers.  Moringa seeds contain an active biocoagulating agent (dimeric protein) with a 

peptide of 6-20 kDa (Abdul Hamid et al., 2014).  The presence of positively charged amino 

acids causes charge neutralisation through adsorption but it also acts through interparticle 

bridging (Sapana et al., 2012).  For Moringa seeds it is the tertiary protein extract powder 

(29% protein by weight) and the primary seed powder which are responsible for flocculation 

(Abdul Hamid et al., 2016; Kandasamy et al., 2018) due to their cationic charges  (Sapana et 

al., 2012).  Eggshell has a high cationic charge density and is known to act by sweeping and 

charge neutralisation due to the presence of divalent cations of calcium and magnesium (Choi, 

2015).  Eggshells are about 95 % calcium carbonate and the remainder is 5 % calcium 

phosphate (Kothari et al., 2017).  As these flocculants were not effective for P. tricornutum in 

this study they were not used for further experimentation at the lower flocculant dosages. 

Chitosan was more effective at pH 9.0 at 100 and 50 mg L-1 (Fig. 3b; c).  A reduction 

in chitosan concentration from 100 to 20 mg L-1 at all pH values tested resulted in a decrease 

in harvesting efficiency (Fig. 3a-c).  Chitosan is proposed to act through a sweeping 

mechanism induced by the precipitation of the chitosan polymers (Blockx et al., 2018).  Other 

studies have reported that chitosan acts through a combination of charge neutralisation 

(cationic polymer) and by bridging (Şirin et al., 2012).  

Tanfloc 6025 was found to work more effectively at pH 9.0 at all the concentrations 

tested.  The highest harvesting efficiency was attained at pH 9.0 at 20 mg L-1 (82%), but this 

was not statistically significant compared with 100 and 50 mg L-1.  It could be observed that 

Tanfloc 8025 resulted in a harvesting efficiency >93% at all concentrations tested (100, 50, 

and 20 mg L-1), at both pH values (pH 7.5 and pH 9.0), and was determined to be the most 

viable bio-based flocculant screened in this study.  Roselet et al. (2016a) reported that the 

performance of Tanfloc is reduced in saline environments (30%o salinity) compared to 

brackish water (10%o salinity) when applied at 1-10 mg L-1.  However, in the current study in 

a saline medium (33%o salinity) Tanfloc 8025 was effective, but this could be because the 

medium we used differed in ionic composition and higher concentrations of flocculant were 

used (20-100 mg L-1).  It was interesting to note than Tanfloc 6025 was not as effective as 

8025.  The effectiveness of the Tanfloc based products has been attributed to their branched 

phenolic structure compared with other polysaccharides such as starch (Roselet et al., 2016b).  

It has been found that Tanfloc POP (>80 mg L-1) resulted in a harvesting efficiency of >80% 

with a pH range of 7 to 10 (Cassini et al., 2017).  Similar results (>90% harvesting efficiency) 
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were obtained using a modified tannin coagulant (Q-TN) at 5 mg L-1 for Microcystis 

aeruginosa cultivated in BG-11 medium at pH 7 to 8 but at pH 9 the efficacy decreased (Wang 

et al., 2013).  It has been reported that as the Tanfloc concentration increases (69 to 100 mg L-

1), the excess cationic charges may destabilise the system and reduce the harvesting efficiency 

(Roselet et al., 2016b).  However, in the current study Tanfloc performed well at 20-100 mg 

L-1.  It is interesting that differences were observed between the two Tanfloc products in the 

current study for harvesting P. tricornutum, as Roselet et al. (2015) reported that there was no 

significant difference in the performance of four tannic acid-based products (SG 1500, POP, 

SG and SL) for harvesting Nannochloropsis oculata at ≥ 15 mg L-1.  It is possible that there is 

a difference in charge density which accounts for the better performance of Tanfloc 8025.  

It was concluded that Tanfloc 8025 is an effective biobased flocculant for 

P. tricornutum requiring no additional inorganic chemicals, such as sodium hydroxide.  At pH 

9.0 it was the most effective flocculant and at pH 7.5 the harvesting efficiency was similar to 

aluminium sulphate and iron chloride.  In addition, for downstream processing of wet biomass 

no change in cell morphology, photosynthetic activity (data not shown) or fatty acid 

composition was observed (Fig. 4) compared with the control (no flocculant addition). 

 

Fig. 5.20.  Fatty acid profile of Phaeodactylum tricornutum for each treatment (% of total fatty 
acids).  (1) Control - no flocculant addition; (2) aluminium sulphate; (3) iron chloride; (4) sodium 
hydroxide; (5) Tanfloc 6015 and (6) Tanfloc 8025.  Each flocculant (aluminium sulphate, iron 
chloride, Tanfloc 6025 and Tanfloc 8025) was applied at 20 mg L-1 and sodium hydroxide was 
added at 264 mg L-1 (6.6 mM) compared to the control (no flocculant addition) 
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5.4.3. Effect of lowering Tanfloc dosage and flocculation time  

 
In the current study, the ability of Tanfloc 8025 and Tanfloc 6025 to flocculate 

P. tricornutum at a reduced concentration of 5 mg L-1 and in a shorter time period (10 mins) 

compared with iron chloride was investigated.  At pH 7.5 and 9.0, Tanfloc 8025 performed 

the best and Tanfloc 6025 outperformed iron chloride at pH 9.0.  At 20 mg L-1, with Tanfloc 

8025, the harvesting efficiency at pH 7.5 was 94% and at pH 9.0 it reached almost 97% (Fig. 

5a).  When the concentration of Tanfloc 8025 was reduced to 5 mg L-1 the harvesting 

efficiency was observed to decrease to 83-86%.  However, reducing the sedimentation time to 

10 mins did not result in a further significant decrease (P>0.05).  At 5 mg L-1, Tanfloc 8025 

performed better at both pH values than Tanfloc 6025 (55-61% harvesting efficiency).  Roselet 

et al. (2015) also found at reduced concentrations (1.66-5 mg L-1) of Tanfloc that the SL range 

(Tanfloc 8025) was a more effective flocculant for harvesting N. oculata and C. vulgaris.  

Here, it was found that Tanfloc 8025 performed equally well at pH 7.5 and 9 with >82% 

harvesting efficiency and there was no statistically significant difference (P>0.05).   
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a) 

 

b) 

 

c) 

 

Fig. 5.21. Performance of reduced dosages of Tanfloc: a) effect of reducing the flocculant dosage of 
iron chloride and Tanfloc 6025 and 8025 to 5 mg L-1 at pH 7.5 and 9.0 and the effect of 
sedimentation after 10 mins compared with 20 mins, b) performance of Tanfloc 8025 over a wider 
pH range and c) response surface methodology 2D plot of harvesting efficiency represented by 
colour after 10 mins for flocculant concentration (100, 50, 20 and 5 mg L-1) and pH (7.5, 8, 8.5, 9, 
9.5, and 10) for Tanfloc 6025 compared with Tanfloc 8025.  Red dotted line indicates 80% 
harvesting efficiency 

 

To confirm the ability of Tanfloc 8025 to operate effectively over a wide pH range a 

more detailed pH range (7.5 to 10.0 at 0.5 increments) was investigated (Fig. 5b).  There was 

no statistically significant difference in the harvesting efficiency over the pH range 

investigated and an average harvesting efficiency of 81.18% ± 3.55 S.E. was attained 

(P>0.05).  From the 2D response surface graphs it could be observed that Tanfloc 6025 

generally performed better at a higher pH (pH 10.0) and concentration (100 mg L-1) (Fig. 5c) 

but Tanfloc 8025 was found to perform well at all pH values and concentrations (>76% 

harvesting efficiency) (Fig. 5b; c). At a higher pH of 9.0, Roselet et al. (2017) found that an 

increased dosage (70 mg L-1) was required for both Chlorella vulgaris and Nannochloropsis 

oculata for a harvesting efficiency >90%.  The reduced effectiveness at higher pH has been 
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attributable to the denaturation of the molecule at an alkaline pH (Sánchez-Martín et al., 2009) 

and could be related to differences in the protonation of the amine group, the macromolecular 

chain and the structure of the flocs (Selesu et al., 2016). At pH 8.0 and 9.0 Tanfloc had little 

cationic charge and the mechanism of action was most likely enmeshment (sweep coagulation) 

in Tanfloc precipitates (Graham et al., 2008).   

The minimum concentration of Tanfloc SL (8025) required is reported in the literature 

to range from 1.66 mg L-1 to 5 mg L-1 which resulted in 94-97% harvesting efficiency for 

Nannochloropsis oculata and 90-100% harvesting efficiency for Chlorella vulgaris at pH 8.0 

after 30 mins (Roselet et al., 2015).  In the current study, reducing the concentration of 

flocculant to 5 mg L-1 resulted in a decrease in harvesting efficiency compared with 20 mg L-

1 for P. tricornutum, but still a harvesting efficiency of 81% on average could be obtained over 

a wide range of pH values and in only 10 mins.  It is notable that this is the lowest concentration 

of flocculant tested in the literature for P. tricornutum.  One possible reason the lower dosage 

of Tanfloc 8025 at 5 mg L-1 did not result in ≥94% harvesting efficiency could have been 

because algal organic matter (AOM) was present.  High doses of Tanfloc (60 mg L-1) can be 

necessary to achieve a harvesting efficiency (>90%) in the presence of AOM, and the organic 

matter is known to interact with cationic polymers (Henderson et al., 2007; Roselet et al., 

2016b).  Alternatively, even though the stirring speed used in this study may have been 

sufficient to disperse the flocculant evenly amongst the cells, the floc formation time may need 

to be extended for optimal floc formation and altering the mixing conditions would be useful 

to investigate. 

5.4.4. Surface functional groups of Tanfloc 

Tanfloc 8025 was observed to outperform Tanfloc 6025 at the pH range investigated 

(pH 7.5-10.0).  An FTIR analysis was undertaken to determine why this may have been the 

case.  The second derivative was applied to the raw FTIR spectra, recorded between 850 and 

3800 wavenumbers, to bring out minute differences of the Acacia tree extracts of Tanfloc 6025 

and Tanfloc 8025 (Fig. 6).  Notable differences in the spectral regions include at 1020-1030 

cm-1 (C-O stretching of ether group), 1280-1290 cm-1 (C-O stretching, O-H deformations), 

1320-1330 cm-1, 1340-1360 cm-1 (C-O stretching of pyrogallic moieties), 1720-1730 cm-1 

(C=O stretching from formaldehyde activation), and several peaks in the 3000-3800 cm-1 

region (combined effect of O-H stretching and N-H groups) (Fig. 6).  These suggest that 

Tanfloc 8025 is perhaps more activated with formaldehyde and quaternary amine 

derivatisation (tannin modification by Mannich reaction) (Arbenz and Avérous, 2015), and 
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hence it is better crosslinked and charged at all pH values to be effective in flocculation.  

Tanfloc is a moderate-to-high molecular weight C16 polymer (~570,000 g/mol), at 1.7 kDa, 

with approximately 1000-2000 repeating units with a proposed monomer molecular weight of 

399 g mol-1 and an elemental ratio of N:O:C:H of 1:4.2:7.2:12 (Graham et al., 2008; Barrado-

Moreno et al., 2016).  The cationic nature of the polymer is thought to be a single tertiary 

amine group (produced by the Mannich reaction) per monomer resulting in a charge density 

of 3.1 mequiv g-1 at pH 4 and 0.2 mequiv g-1 at pH 9 (Graham et al., 2008).  Elemental analysis 

should be conducted on Tanfloc to provide an indication to the degree of substitution from the 

precursor tannic acid which may aid in understanding the high flocculation ability. 

 

 

Fig. 5.22.  Second derivative FTIR spectra of Tanfloc 6025 and 8025 from 850 – 3800 
wavenumbers with a-f showing the differences in the spectra 
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5.4.5. Effect of temperature and biomass concentration on 
flocculation with Tanfloc 8025 

From a commercial perspective it was important to determine how Tanfloc 8025 would 

perform at different temperatures and with increasing biomass concentrations which would be 

more appropriate for industrial facilities.  Most species of microalgae can grow at 10 to 35°C 

(Barrado-Moreno et al., 2016), but the maximum temperature that P. tricornutum CCAP 

1055/1 can be cultivated at is 28°C (data not shown).  It is important in high temperature 

environments that the biomass is harvested as quickly as possible because the biomass can 

deteriorate (Gerardo et al., 2015).   

Most flocculant screening studies have been conducted at room temperature or under 

temperature control (20-25°C) (Roselet et al., 2015).  To the best of the authors’ knowledge 

only one study has investigated the effect of a flocculant (chitosan) over a range of 

temperatures (5-20°C) for P. tricornutum at pH 8 with no reduction in efficacy observed 

(Lavoie and de la Noüe, 1983).  To the authors’ knowledge it is apparent that no study has 

investigated Tanfloc over a range of temperatures.  From the current study, at all temperatures 

and pH values tested the harvesting efficiency was greater than 82% (Fig. 7a) and there 

appeared to be no significant effect of pH and temperature (P>0.05).  Therefore, Tanfloc 8025 

offers potential in colder and warmer climates. 

  



 

153 | P a g e  

a) 

 

b) 

 

Figure 5.7.  Performance of Tanfloc 8025 at different temperatures and biomass densities after 10 mins 
harvesting: a) Effect of temperature on harvesting efficiency of Tanfloc 8025 applied at 5 mg L-1.  b) 
Effect of biomass concentration (0.05-1.01 g/L DW) on the flocculation potential and concentration 
factor (CF) of Tanfloc 8025 (5 mg L-1).  Red dotted line shows 80% harvesting efficiency. 

 

For P. tricornutum, limited studies have been conducted on determining the 

concentration factor of the flocculant and how it varies with changes in biomass concentration.  

Furthermore, in calculating the concentration factor few individuals have normalised the data 

to the harvesting efficiency which has often resulted in overestimates.  In the current study, 

the harvesting efficiency increased up to a maximum (92%) at a biomass density of 0.26-0.48 

g L-1 (92% harvesting efficiency) and a further increase to 1.01 g L-1 resulted in a decrease in 

harvesting efficiency (75%) (Fig. 7b).  From 0.07 g L-1 to 1.01 g L-1 there was a decrease in 

concentration factor from 23.45 to 5.69 (Fig. 7b).  It was clear the biomass became less 

compacted.   

Most studies investigating flocculation of P. tricornutum have used low biomass 

densities (<0.5 g L-1) and if the data in the current study is compared, a concentration factor 

of 12.82 is comparable with sodium hydroxide and chitosan in the literature.  Tanfloc 8025 

applied to higher biomass densities resulted in a lower concentration factor and further 
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experimentation is required to improve this.  Using properly designed settling vessels with an 

inclined bottom at an angle would help improve flocculation and is likely to result in higher 

compaction.  Furthermore, optimising the mixing time would likely improve the sedimentation 

rate and compaction.   

 

5.4.6. Cost analysis of Tanfloc 8025 compared with other 
commercially viable flocculants 

A cost analysis based on the dosage and efficiency can be found in Table 1 for 

commercially viable flocculants for harvesting P. tricornutum.  In the current study, with a 

starting biomass of 0.48 g L-1, 92% of the culture could be harvested in 10 mins with a 

concentration factor of 12, requiring only 5 mg L-1 of Tanfloc 8025.  Tanfloc 8025 was more 

economically favourable than chitosan, aluminium sulphate and sodium hydroxide (Table 1) 

but calcium hydroxide has been proposed as a more economically viable alternative.  

However, calcium hydroxide for harvesting P. tricornutum has not been proven and this 

process would still require a de-flocculation step (addition of hydrochloric or nitric acid) to 

remove the minerals in the biomass which can cost $40 ton-1 (Vandamme et al., 2015a) and is 

environmentally unfavourable.  Consequently, Tanfloc 8025 would be more suitable.  The 

flocculant cost per ton of biomass in the current study ($20.80-27.04) compared favourably to 

the cost reported for harvesting Nannochloropsis oculata with 1.66 to 5 mg L-1 Tanfloc 8025 

at $38 ton-1 (Roselet et al., 2016a). 

 

Table 5.1 - Cost analysis of harvesting P. tricornutum with chemical (aluminium sulphate, sodium 
hydroxide, and calcium hydroxide) and bio-based flocculants (chitosan and Tanfloc 8025).  All costs are 
in US$.   

 

 

Data for the efficacy and cost analysis of chitosan and aluminium sulphate was 

obtained from (Şirin et al., 2012) a and for sodium hydroxide and calcium hydroxide from 

Vandamme et al. (2015a)b.  It has already been shown that a de-flocculation step would be 

Chitosan a Aluminium 

sulphate a

Sodium 

hydroxide b

Calcium 

hydroxide b Tanfloc 8025

Harvesting efficiency (%) 91.8 82.6 73 - 92.16

Concentration factor 8.9 7.2 - - 12.82

Flocculant dosage (mg L-1) 20 30 60 - 5

Biomass concentration (g L
-1

) 0.105 0.105 0.5 0.5 0.48

Flocculant dosage (ton ton
-1

 biomass) 0.18 0.27 0.12 - 0.0104

Flocculant cost ($ ton-1) 2000 to 100,000 976 to 2073 350 150 2000c to 2600d

Flocculant cost ($ ton-1 biomass harvested) 360 to 18,000 263.52 to 559.71 42 17 20.80 to 27.04
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required for sodium hydroxide and calcium hydroxide to remove the magnesium from the 

biomass which would cost $40 ton-1 (Vandamme et al., 2015a).  The flocculant cost for 

Tanfloc 8025 was obtained from Roselet et al. (2015) c and Selesu et al. (2016b) d. 

 

 In addition, the concentration required (10.4 µg g-1 biomass) was vastly lower 

than the quantities of aluminium and iron required for flocculating P. tricornutum (200-270 

mg g-1 biomass) (Şirin et al., 2012).  As Tanfloc is a natural biopolymer it offers not just an 

ecological alternative, but it is economically viable and has great potential to replace chemical 

flocculants.  For future studies, the mixing time and optimal harvesting apparatus should be 

considered as these are critical factors in floc formation and could maximise the performance 

of this effective biobased flocculant. 

5.5. Conclusion 
In transitioning towards a biobased and circular economy the replacement of chemical 

flocculants is essential.  Tanfloc 8025 requires a low concentration of flocculant (10.4 g per 

kg biomass), is cost effective ($0.03 per kg microalgal biomass), effective over a wide pH 

(7.5-10.0) and temperature range (15-28°C) with harvesting occurring in as little as 10 mins, 

resulting in a concentration factor of ≥5.69.  Further experimentation needs to be conducted at 

laboratory scale observing the effect of algal organic matter (AOM) on the behaviour of this 

flocculant.  Further work is required at pilot scale ensuring this method upscales before 

implementation at a commercial level. 
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Chapter 6: Evaluating the biorefinery 

potential of three Phaeodactylum 

tricornutum strains  
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S.vaidyanathan@sheffield.ac.uk (S.V.) 

* Correspondence: tbutler2@sheffield.ac.uk 

Highlights 

• P. tricornutum N017 (Necton S.A.) resulted in the highest fucoxanthin productivity (2 mg 

L-1 d-1) but UTEX 646 strain resulted in the highest overall biomass (0.16 g L-1 d-1), 

carbohydrate (39 mg L-1 d-1), protein (42 mg L-1 d-1), FAEE (11 mg L-1 d-1) and EPA (3 

mg L-1 d-1) productivities  

• Red: blue (2.25:1) light emitting diodes (LEDs) are 24 % more efficient than white LEDs 

• Red: blue LEDs (2.25:1) resulted in the highest protein, FAEE and EPA productivity, and 

the biomass, carbohydrate and fucoxanthin productivities were not significantly lower than 

those obtained under white light 

• Red: blue LEDs resulted in a decrease in commensal bacteria number but there was only 

a slight difference in community composition 
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6.1. Abstract 
Phaeodactylum tricornutum is a model diatom species with the potential to be used as 

a cell factory and biorefinery chassis.  Its two high value products fucoxanthin and 

eicosapentaenoic acid (EPA) are of commercial interest but determining the best strain and 

light type is important for commercial exploitation.  There are many isolates of P. tricornutum 

around the world.  Three different P. tricornutum strains (CCAP 1055/1, UTEX 646 and a 

commercial strain - N017 from Necton, S.A., Portugal) were cultivated in a commercial 

medium (Nutribloom) and cultivated under warm white LEDs to determine the optimal strain 

for fucoxanthin and EPA production.  UTEX 646 had the highest overall biomass, 

carbohydrate, protein, fatty acid ethyl ester (FAEE), and EPA productivity, whereas N017 had 

the highest fucoxanthin productivity.  In microalgal production the energy burden is a major 

issue and by utilising light emitting diodes (LEDs) with red: blue at 2.25:1 light, the electricity 

consumption can decrease by 24 %.  When comparing the lighting source, red: blue LEDs 

resulted in a higher protein, FAEE, and EPA productivity compared with warm white LEDs 

but warm white lights resulted in a higher biomass, carbohydrate, and fucoxanthin 

productivity, but this was not statistically significant.  The commensal bacterial community 

was also profiled during cultivation.  Marinobacter sp. was present in all strain isolates and 

dominated at most stages of cultivation.  Halomonas sp. was only present in P. tricornutum 

CCAP 1055/1 and N017.  Algoriphagus sp. was only present in P. tricornutum CCAP 1055/1 

and in low numbers (<4 %).  Comparatively, Sphingorhabdus (<3 %) and Croceibacter spp. 

(<19 %) were present in N017.  This is the first time Sphingorhabdus and Croceibacter have 

been observed to be associated with P. tricornutum during cultivation.  The total bacterial 

count was observed to be lower under red: blue LEDs for all three strains over the cultivation 

period, showcasing that red: blue light can affect the community dynamics.   

 

Keywords: microalgae; LEDs, strain screen, biorefinery, bacterial community 
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6.2. Introduction 
 

Microalgae have been of great interest as cell factories for biofuels and bioactive 

molecules due to their ability to use natural sunlight, high photosynthetic efficiency, their 

ability to grow using marginal land, wastewater, whilst remediating nitrogen, phosphorus and 

CO2 (Ma et al., 2016).  The microalga P. tricornutum is a model diatom that is known to 

accumulate a spectrum of natural products; the omega-3 fatty acids, eicosapentaenoic acid 

(EPA) and docasahexaneoic acid (DHA), the carbohydrate chrysolaminarin and the pigment 

fucoxanthin (Butler et al., 2020).  It is a commercially viable species for large-scale 

cultivation, and in outdoor mass culture systems, it has been shown to dominate and 

outcompete other microalgal species with a tolerance for high pH, an ability to grow under 

low light, and a non-dependence on silica (Remmers et al., 2017; Sethi et al., 2020; Spilling 

et al., 2013). 

There are >75 known P. tricornutum isolates that have been reported in the literature 

(including synonymous isolates), of which 22 are unique strains maintained in 13 culture 

collections (Butler et al., 2020).  However, there is a lack of knowledge on the biochemical 

profiles of these strains.  All the strains are brackish or marine with the exception of CCAP 

1052/1B (UTEX 640) which can uniquely grow in freshwater (Yongmanitchai and Ward, 

1991).  To date P. tricornutum UTEX 640 has been the workhorse for high biomass, lipid and 

EPA productivities with the highest reported natural EPA content to date in flat-panel airlift 

PBRs outdoors (5.14 % DW) (Derwenskus et al., 2019).  However, recently UTEX 646 has 

been shown to outperform UTEX 640 and UTEX 642 in terms of biomass and EPA content 

(Derwenskus et al., 2020a) and has great potential as a recombinant protein factory (Hempel 

et al., 2011, 2017), antibacterial fatty acids (Desbois et al., 2008), and has been successfully 

cultivated at >550 L scale in closed photobioreactors and raceway ponds (Hamilton et al., 

2015). Bioprospecting has revealed strains such as M21 (from a fjord in Norway) which was 

of particular interest because it had a high growth rate at 10ºC with a high EPA content which 

increased in the stationary phase to 4.6 % DW (Steinrücken et al., 2017).  A high EPA content 

(4.4 % DW) has been obtained with P. tricornutum Fito (obtained from Fitoplancton Marino, 

Cadiz, Spain – strain CCFM 06) (Steinrücken et al., 2018).  Comparatively, two Norwegian 

isolates (M28 and B58) showed an EPA content of 3.2 and 3.1 % DW respectively 

(Steinrücken et al., 2018).   

Microalgae production is hindered by low biomass and product yields in conjunction 

with high production costs and energy demands (Norsker et al., 2011).  Most methods of large-
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scale production use natural sunlight, but in temperate climates light intensities and duration 

are low in winter and hinder microalgal growth. In addition, in aquaculture production, 

artificial lighting is usually provided by cool white fluorescent lamps/halogen lamps (where 

blue, green, yellow and orange light dominate) (del Pilar Sánchez-Saavedra et al., 2016).  

However, economical, durable, reliable and efficient artificial light sources are needed to 

increase biomass and product yields.  The use of light emitting diodes (LEDs) can decrease 

production costs through decreased energy costs rather than traditional metal halide filaments 

(Schulze et al., 2014).  Blue LED light could save 50 % energy input compared with 

fluorescent light (Yang and Wei, 2020).  In addition, LEDs are considered an ideal artificial 

light source and offer advantages over fluorescent bulbs and metal halide lamps due to their 

long life-span (50,000 h), low heat generation, low energy consumption, and narrow emission 

band in the blue (465 nm) and red region (660 nm) with a PAR efficiency of 1.91 µmol photons 

s-1 W-1 (Blanken et al., 2013; S. Wang et al., 2018b).  A mixture of red: blue light (2.25:1) has 

been tested successfully for growth optimization in several microalgae (Fu et al., 2013; Kim 

et al., 2013; Severes et al., 2017).  Blue and red wavelengths are the main absorption bands of 

all chlorophylls and using red LEDs mixed with 10-30 % blue has shown optimal biomass 

productivities in microalgae (Sirisuk et al., 2018).   

Chlorophyll a makes up to 74 % of the total chlorophyll in P. tricornutum and is the 

major light harvesting pigment with the preferred wavelength absorbance at 420-470 nm and 

660-680 nm (de Mooij et al., 2016; Schulze et al., 2014).  Fucoxanthin binds with 

chlorophyll  a + c and proteins to form the fucoxanthin chlorophyll complex (FCP) and has an 

important role in light capture and non-photochemical quenching (Yang and Wei, 2020).  The 

specific structure of FCP in P. tricornutum allows it to absorb blue light, and red mixed with 

blue light is beneficial for photosynthesis (Kuczynska et al., 2015; Wang et al., 2019).    

There have been conflicting reports in the literature on which LED wavelengths to use 

for optimising P. tricornutum biomass and product yields.  White LEDs have been reported to 

result in a higher biomass concentration compared with single spectra LEDs (blue, green, 

yellow and red) for CCMP2561 strain (Oka et al., 2020).  Comparatively, using a mixture of 

red: blue LEDs at different ratios has been found to result in an increase in biomass 

productivity and fucoxanthin for different strains (Ra et al., 2018; Yang and Wei, 2020).  It 

appears that the effect of the lighting spectra is strain specific. 

In this study UTEX 646 (CCAP 1052/6) was selected due to its high growth rate and 

EPA content, CCAP 1055/1 as a model sequenced strain, and they were compared with a 

commercial strain from Necton, Portugal.  The primary aim of our study was to investigate 



 

161 | P a g e  

which P. tricornutum strain had the best biorefinery potential, particularly for fucoxanthin and 

EPA.   Red: blue light (2.25:1) was investigated as an alternative to warm white light to reduce 

the cost of artificial illumination and to determine if improvements could be observed in 

fucoxanthin and EPA yield.  A final aim was to characterise the bacterial population of three 

strains under white LED and to determine if red: blue light could affect the commensal 

bacterial population of all three strains.   

 

6.3.  Materials and methods 
 

6.3.1. Phaeodactylum tricornutum stock culture and routine 
maintenance  

P. tricornutum CCAP 1055/1 was obtained from the Culture Collection of Algae and 

Protozoa (CCAP), UTEX 646 (CCAP 1052/6) was obtained from Plymouth Marine 

Laboratory (PML), and a proprietary strain (N017) was obtained from Necton, S.A., Portugal.  

Stock cultures were routinely maintained by the transfer of a 10% (v/v) inoculum (every two 

weeks) and sparged with filtered air (0.22 µm, Millex-FG Vent Filter; Millipore, USA).  The 

stock cultures were cultivated in 1 L Duran bottles with 800 mL natural seawater at 12.1 ppt 

(20.27  mS), (Eastern Scheldt, The Netherlands) supplemented with 2 ml L-1 of commercial 

medium (Nutribloom) from Necton (4 mM NaNO3, 0.2 mM KH2PO4, 3.99 µM ZnSO4 7H2O, 

2.00 µM MnCl2 4H2O, 0.2 µM Na2MoO4 2H2O, 0.2 µM CoCl2 6H2O, 0.2 µM CuSO4 5H2O, 

52.82  µM Na2EDTA 2H2O, 4 µM MgSO4 7H2O, 40 µM FeCl3 6H2O, 0.15 µM vitamin B1, 

0.29 µM biotin and 0.004 µM vitamin B12) was filter sterilised (Sartobran 300, 0.2 µm) via a 

twin-headed peristaltic pump (Model 503S, Watson Marlow, USA).  The cultures were 

incubated at 20.4°C ( 0.6 °C), continuous irradiance with either 50 W warm white lights 

(2700-2900 K, Rohs) (emission peaks at 406, 438, 488, 548, 589, 595, 613 and 632 nm)  ca. 

134 µmol photons m−2 s−1 surface irradiance (44.4 W, 3 µmol W-1) or 45 W LED Grow Light 

169 LED Red Blue (2.25:1) full spectrum (23.5 W, 5.3  µmol  W-1) (Roleadro, China) 

(emission peaks at 459 and 634 nm)  ca. 125 µmol photons m−2 s−1 surface irradiance for pre-

acclimation (Figure 6.).  The initial absorption spectra were recorded using an Ocean Optics 

USB2000 spectrometer with a Mikropack Mini D2 UV–vis–IR light source in the range 350–

850 nm (Dunbar et al., 2008).  The wattage was measured with an electric energy power meter 

(Floureon, China) and is shown in Figure 6.  Each stock culture was aerated at 7.65 lpm with 
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2 % CO2 using a Brooks Mass Flow Controller (Brooks Instrument, USA) and the gas mixture 

was delivered through a 0.22 µm air filter (Whatman PolyVENT 16, GE Healthcare Life 

Sciences).   

 

a) 

 

b) 

 

c) 

 

 Figure 6.1 - Comparison of white and red: blue LED setups a) experimental setup and the cultures 
were covered with a blackout material to avoid external light interference, and intensity profile of a) 
warm white lights (2900-3100 k) (50 W) compared with b) red: blue (2.25:1) (45 W) lights with 
emission peaks at 459 and 634 nm 

6.3.2. Experimental cultures 

Cells from the stock culture were harvested during late-log, centrifuged (4000 rpm, 10 

mins), washed twice with 20 mL growth medium and re-suspended in 250 mL Erlenmeyer 

flasks with 200 mL of each medium.  The cultures (P. tricornutum CCAP 1055/1, UTEX 646 

and N017) were incubated under the conditions above and setup according to Figure 1.  A 

humidifying bottle was used in the setup to avoid evaporation from the cultures.  The initial 

inoculum density was ~1 x 106 cells mL-1.  

 

6.3.3. Biomass sampling  

Samples were taken daily for cell concentration and volume determination, using a 50 

µm aperture tube (Multisizer III,Beckman Coulter, USA).  Samples were diluted in ISOTON 

II diluents.  The average growth rate (µ) was calculated as detailed elsewhere (Butler et al., 



 

163 | P a g e  

2017) but as a function of each day and the maximum growth rate (µmax) was the maximum 

value of this.  Five mL of culture were taken daily, centrifuged (4000 rpm,10 mins), the 

supernatant removed, filtered through a 0.22 µm filter, and stored frozen at −20 °C until further 

analysis of the medium for nutrient analysis.  Dissolved inorganic nitrogen (DIN) in the media 

was determined by measuring the absorbance at 220 nm as described in Collos et al. (1999).  

Dissolved Inorganic Phosphate (DIP) in the media was determined following the method 

of Strickland and Parsons (1968) and the reading was taken after 15 mins.  On Day 7, the 

experimental cultures were harvested and 50 mL of microalgal culture was harvested by 

centrifugation (4000 rpm,10 mins), the pellets washed twice with 20 mL ammonium formate 

(0.5 M) to remove adhering inorganic salts from the cells (Guimarães et al., 2021) and 

transferred to a 2 mL Eppendorf safe-lock tube, centrifuged at 13,000 rpm for 5 mins and 

stored at -20°C for lyophilisation using a sublimator 2x2x3 (Zirbus Technology, GmbH, 

Germany) and stored at -20°C for biochemical (chlorophyll a, fucoxanthin, protein, 

carbohydrate, fatty acid ethyl ester (FAEEs)) and elemental analysis.   

 

6.3.4. Dry weight determination 

The dry weight of the culture was measured in triplicate in a modified version as 

described by (Guimarães et al., 2021).  Briefly, Whatman glass microfiber filters (55 mm 

diameter, pore size 0.7 μm) were wetted with deionised water and dried at 95°C overnight 

and then placed in a desiccator to cool to room temperature.  The empty filters were weighed 

and pre-wet with ammonium formate (0.5 M). Then, 1-5 mL of culture (depending on the 

density) was filtered and washed twice with ammonium formate, instead of de-mineralised 

water for maintaining osmotic balance.  The dry weight of the samples was then calculated 

from the difference in weight between the dry filters with and without biomass. 

 

6.3.5. Quantum yield 

Pulse amplitude modulation (PAM) fluorometry was utilised to determine the 

maximum quantum yield (Fv/Fm) as a measure of photosynthetic efficiency at 630 nm 

(orange-red excitation light) using an AquaPen-C AP 110-C (Photo Systems Instruments, 

Czech Republic) after 15 mins dark adaptation at room temperature as described by (Janssen 

et al., 2018).  Samples were diluted to an OD 750 < 0.4.   
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6.3.6. Bacteria isolation and enumeration 

Commensal bacteria from the experimental cultures were isolated by streaking out to 

form single colonies on a ‘modified marine agar medium’ with the growth medium 

supplemented with seawater, 5 g L-1 peptone (Sigma, UK), 1 g L-1 yeast extract (Sigma, UK) 

and 15 g L-1 agar.  From each treatment and time point 1 mL of culture was added to 9 mL of 

Maximum Recovery Diluent (MRD) (with seawater, 1 g L-1 peptone and 8.5 g L-1 sodium 

chloride and adjusted to pH 7.0) and vortexed for 10 s.  Serial 10-fold dilutions were made in 

triplicate of the homogenate in MRD.  From each dilution, the pour plate technique was used, 

and an aliquot (0.1 mL) of appropriate dilution factor of the homogenate was plated out.  The 

plates were incubated aerobically at room temperature and counted after 3 days (the small, 

large and halo bacteria appeared after 2 days, the red, pink, orange and yellow bacteria 

appeared after 3 days).  Bacterial cell numbers were estimated by counting colony-forming 

units (CFU) and only reads between 30 and 300 CFU were used. 

 

6.3.7. Bacteria DNA-amplification, sequencing, and identification  

Commensal bacteria identification was conducted by colony PCR with 16S rRNA 

genes amplified from the bacterial isolates using primer pair 27F (5’-

AGAGTTTGATCMTGGCTCAG-3’) (Lane et al., 1991) and 1492R (5’-

GGTTACCTTGTTACGACTT-3’) (Turner et al., 1999) as described previously.  The 

sequences were then aligned using ClustalW and a dendrogram was formulated. 

 

6.3.8. P. tricornutum DNA-amplification, sequencing, and 
identification  

P. tricornutum strains from the stock culture were plated out on Nutribloom medium 

with 15 g L-1 agar to form single colonies.  Four-to-five colonies of each P. tricornutum strain 

were re-suspended in 1 mL deionised water and centrifuged for 13,000 rpm for 2 mins to form 

a pellet, and the supernatant was discarded.  The genomic DNA was extracted from the pellet 

using the DNeasy Plant Pro Kit (Qiagen, USA) according to the manufacturer’s instructions 

except that a Disrupter Genie® (VWR, UK) was used for cell disruption of the microalgal 

sample in the supplied tissue disruption tubes for 10 mins.   

The nuclear SSU rDNA was amplified using PCR with a combination of the universal 

eukaryotic primers EAF3 (5’-TCGAC AATCT GGTTG ATCCT GCCAG-3’) and ITS055R 
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(5’-CTCCT TGGTC CGTGT TTCAA GACGG G-3’) (Marin et al., 2003).  All PCR reactions 

with a final volume of 50 µl contained the components previously described.  The following 

PCR conditions were used: initial denaturing step of 1 min at 98°C followed by 35 cycles of 

denaturing (98°C for 10 s), annealing (69°C for 15 s), and elongation (72°C for 45 s).  A final 

elongation step was performed at 72°C for 8 mins.  PCR products formed in gel electrophoresis 

which showed single clear bands (ca. 3 kbp) determined from the molecular size marker 

(Quick-Load® Purple DNA ladder (1 kb) (NEB, USA) was purified and sent for sequencing 

as above in section 2.8. 

 

6.3.9. Fatty acid ethyl ester (FAEE) determination 

A modified version of Kapoore et al. (2014) was used for FAME direct 

transesterification involving bead beating. 

 

6.3.10. Combined extraction of carbohydrate, pigment and protein 

Combined extraction of carbohydrate and protein was carried out according to Chen 

and Vaidyanathan (2013) with slight modification using approximately 2 mg dry biomass.   

 

6.3.11. Pigment analysis by HPLC – chlorophyll a and fucoxanthin  

For the detection of the chlorophyll a and fucoxanthin, a modified method of Grant et 

al. (2001) was used.  One milligram of dried microalgal biomass was extracted with 1.5 mL 

HPLC grade absolute ethanol (Sigma Aldrich, UK) with 250 mg L-1 butylated hydroxytoluene 

(BHT) in bead beater tubes using lysing matrix E (Bertin Technologies, USA) three times at 

90 s x 5000 rpm with a 45 s break.  After cell disruption the bead beating tubes were then 

centrifuged (13,000 rpm,3 mins).  1 mL of the supernatant was pipetted to a 5 mL glass tube 

(FischerBrand, USA).  To the bead beating tube, 1 mL ethanol/BHT mixture was added and 

the tubes vortexed for 10 s.  The tubes were then centrifuged (13,000 rpm for 3 mins) and 1 

mL was transferred to the 5 mL glass tube.  This procedure was repeated until the pellet was 

colourless (5 extractions necessary in total).  The glass tubes were evaporated under nitrogen, 

the extract re-suspended in 1 mL absolute ethanol (Sigma Aldrich, UK) and transferred to an 

Eppendorf tube.  The tubes were then centrifuged at (13,000 rpm, 2 mins) before transferring 

the supernatant to amber coloured HPLC vials.  To avoid photo-oxidation, all procedures were 
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carried out under darkness.  Ultra-high-performance liquid chromatography (UHPLC) 

(Thermo Scientific, USA) was used to quantify the fucoxanthin content.  HPLC analysis was 

performed using a Nexera X2 system (Shimadzu, Japan) coupled with a photo-diode array 

detector (SPD-M20A) and a Kinetex C18 reversed-phase column (100A 150 x 4.6 mm, 5 µm 

particle size) (Phenomenex, UK) was used. The HPLC method adopted was a modified version 

of Grant, 2011.  Three mobile phases were used: (A) 0.5 M Ammonium acetate in 

methanol/water 85:15, (B) Acetonitrile/water 90:10 and (C) Ethyl acetate 100 % using the 

gradient procedure described.  The flow rate was set at 1 mL min−1 and the column temperature 

at 25°C.   The concentration of fucoxanthin was quantified by measuring at the absorbance at 

450 nm.  A linear calibration curve (R2 = 0.99) covering the range 0-20 µg mL-1 was 

constructed using a fucoxanthin, chlorophyll a and antheraxanthin standard (Sigma Aldrich, 

UK).  The retention time of the extracts matched the standards for fucoxanthin (6.7 mins), 

antheraxanthin (10.2 mins), and chlorophyll a (25.2 mins) as shown in Appendix D. 

 

6.3.12. Elemental composition  

Elemental analysis was conducted according to Al-shathr (2019).  Helium was used as 

a carrier gas to transport all the combustion gases through the system and high-purity oxygen 

was used to aid the combustion process.   

 

6.3.13. Statistical analysis 

Each treatment was performed in triplicates, and the mean and standard error of the 

dependent variable are presented in the results.  Statistical analysis of the experimental data 

was conducted using SPSS statistical software (SPSS Statistics 26, IBM).  The data was tested 

for normality using a Kolmogorov-Smirnov test and if these data were normally distributed 

(P>0.05) they were subsequently tested for equal variance using Levene’s test.  If variances 

were considered equal then a one-way ANOVA/MANOVA and a post-hoc Tukey’s test was 

utilised to understand where the differences were.  If samples were not normally distributed 

(P<0.05) then a Kruskall-Wallis and post-hoc Dunn’s non-parametric comparison was 

undertaken to understand the changes.  The statistical difference of each set of experiments 

was studied with the analysis of the P value. In addition, this value was used to select 

parameters that were statistically significant. 
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6.4. Results and Discussion 
The three strains were first pre-acclimated under warm white light and then grown for 

7 days under the same conditions. The three strains were then compared in terms of growth 

and product yield and productivity. 

 

6.4.1. Strain differences in growth and biochemical composition 
under warm white light 

Growth of the three strains was compared under warm white light.  P. tricornutum 

CCAP 1055/1 and N017 both predominated as fusiform cells (>95 % of the population) over 

the 7 d cultivation period.  UTEX 646 was found to be of mixed morphology, containing oval 

and fusiform morphotypes and was smaller in length and volume (data not shown). 

The highest biomass concentration and biomass productivity after 7 d cultivation was 

obtained with UTEX 646 (1.18  0.07 g L-1 and 0.16 g L-1 d-1) but this was not significantly 

higher than for N017 (Table 6.1).  The highest µmax was obtained with N017 from day 1 to 2 

under white light (µmax = 1.57) but this was not significantly higher than for UTEX 646.   

The biomass productivity of UTEX 646 in flat-panel PBRs has been found to range 

from 0.025-0.158 g L-1 d-1 (Rodolfi et al., 2017).  For P. tricornutum N017 the biomass 

productivity has been found to range from 0.02-0.27 g L-1 d-1 in outdoor flat panel PBRs, with 

a higher biomass productivity attained at lower biomass densities (0.4 g L-1 DW compared 

with 1.1 g L-1) (Gao et al., 2020a). 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

Figure 6.23 - Comparison of three strains of P. tricornutum, CCAP 1055/1, UTEX 646 and N017 
under warm white light; a) growth as DW (g L-1); b) maximum growth rate (µ d-1), c) quantum yield, 
d) EPA, chlorophyll a, and fucoxanthin, f) fatty acid ethyl ester (FAEE), carbohydrate and protein 
content, g) FAEE composition 

 

To the authors knowledge, this is the first study to investigate the biochemical 

composition of N017.  The chlorophyll (1.63 % DW), fucoxanthin (1.60 % DW), EPA (1.84 

% DW), protein (26.09 % DW), carbohydrate (17.87 % DW) and FAEE (7.21 % DW) contents 

were similar to those reported in the literature (Rebolloso-Fuentes et al., 2001; Breuer et al., 

2012; Di Lena et al., 2020).  The highest fucoxanthin content (1.60 % DW) was achieved with 

N017.  However, the EPA and fucoxanthin content was lower than previously reported for 

UTEX 640 (4.28 and 1.91 % DW respectively) (Derwenskus et al., 2020). Comparatively, the 

highest carbohydrate (24.4 % DW), chlorophyll a (1.7 % DW), TFA (7.3 % DW) and EPA 

content (2.7 % DW) was obtained with UTEX 646 (Figure 6.232).  However, the EPA content 

was lower than reported by Derwenskus et al. (2020) for the strain cultivated in a flat panel 

PBR (4.45 % DW) and could have been due to the high cell densities employed which 
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provided mutual shading to the cells. In terms of protein, the highest content was obtained 

with CCAP 1055/1 (29.87 % DW) but this was not significantly higher than for the other 

strains.   

No significant difference in EPA content has been reported between UTEX 646, 642 

and 640 Derwenskus et al. (2020). However, the EPA content of UTEX 646 was found to be 

higher in the Derwenskus et al. (2020) study for the other strains.  The temperature used (20°C) 

was similar to that used in our study and the higher EPA content could have been due to the 

higher nitrate and phosphate content in the modified Mann and Myers medium that 

Derwenskus et al. (2020) and due to the use of flat-panel airlift PBRs which avoid 

photolimitation and photoinhibition.   

P. tricornutum CCAP 1055/1 had the highest C16:0 content of the three strains under 

white and red: blue light (21 of TFAs)  There was no statistically significant difference in 

C16:1 content of the three strains.  P. tricornutum UTEX 646 had the highest EPA proportion 

of TFAs (30 %) which was significantly higher than the other two strains (p<0.05).  There was 

no statistically significant difference in DHA content between the strains and the proportion 

of TFAs was <3 % in all strains.   

In terms of biorefinery products; UTEX 646 resulted overall in the highest 

carbohydrate (39.28 mg L-1 d-1), protein (42.01 mg L-1 d-1), FAEE (10.66 mg L-1 d-1), and EPA 

productivities (3.19 mg L-1 d-1).  Whereas the highest fucoxanthin yield (2.12 mg L-1 d-1) was 

obtained with the N017 strain but this was not significantly higher than that obtained with 

UTEX 646 (2.05 mg L-1 d-1) (Table 6.1).   

Of the strains tested, UTEX 646 appears to be the optimal biorefinery chassis for 

biomass, carbohydrate, protein, FAEE and EPA.  Whereas N017 appears to be optimal for 

fucoxanthin production.  The three strains were next investigated under red: blue light as a 

more economical artificial light source. 

 

6.4.2. Effect of red: blue LEDs on growth and biochemical composition 
of P. tricornutum CCAP 1055/1, UTEX 646 and Necton 

 
Providing red: blue lights in a 2.25:1 ratio with theoretical maximum photon energy 

efficacy at a total light intensity of 125 µmol photons m-².s-1 results in a total electrical 

consumption of 0.0258 kWh, whereas in practice, the realistic white light and the realistic red: 

blue LED combination under similar conditions cause consumptions of 0.0403-0.0463 kWh 
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and 0.0353 kWh respectively (Appendix D). By replacing white LEDs with red: blue LEDs 

(2.25:1), a reduction of 36-44 % in power consumption is theoretically possible. Replacing 

white LEDs with the realistic red: blue LEDs would save 12-24 % of power consumption. 

Applying a red: blue light arrangement can be beneficial as in this case, less electrical 

power is required because the red blue lights combined provide a higher number of photons 

for the same amount of energy compared to white light.  Red photons (660 nm) contain less 

energy than blue photons (450 nm) (Appendix D).  

The cell physiology and growth was investigated to look at the effect of replacing white 

LEDs with red: blue LEDs.  No difference was observed in the cell morphology (Appendix 

D) and no significant decrease in final biomass concentration was observed.  Another method 

of monitoring cell health is to look at the quantum yield.  A decrease of quantum yield (Fv/Fm) 

indicates inhibition of electron transport from the PSII reaction centres to the plastoquinone 

pool (Strasser et al. 2000, Kalaji et al. 2011, Oukarroum 2016) and can be used as an indicator 

of unfavourable conditions. 

The maximum photosynthetic efficiency of PSII was observed for UTEX 646 and 

N017 under white light with a Fv/Fm of 0.75 and 0.69.  Cultivation under red: blue light 

resulted in a decrease in PSII for days 1 to 7.  For the N017 strain the Fv/Fm increased to a 

maximum on day 4 but for UTEX 646 the maximum was achieved on day 5.  With increased 

culturing age the Fv/Fm was found to decline.  A decline in Fv/Fm is generally due to 

nonphotochemical quenching or acknowledged with reduced photosynthetic efficiency or 

photo damage (Remmers et al., 2017) (Oukarroum 2016).   

A maximum photochemical quantum yield (PSII max) of 0.67 has been reported before 

for P. tricornutum strain CCMA 106 under aeration and under elevated carbon dioxide (1000 

µatm at pH 7.7) (Li et al., 2017b).  Comparatively the quantum yield has been found to vary 

between strains; Fito (0.57-0.73), M28 (0.60-0.77) and B58 (0.63-0.79) (Steinrücken et al., 

2018).  It has been found that after inoculation the quantum yield drops but recovery is 

observed after two to three days (Steinrücken et al., 2018). 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

Figure 6.3 - Comparison of three strains of P. tricornutum, CCAP 1055/1, UTEX 646 and Necton 
N017 under red: blue light; a) growth as DW (g L-1); b) maximum growth rate (µ d-1), c) quantum 
yield, d) EPA, chlorophyll a, and fucoxanthin, f) fatty acid ethyl ester (FAEE), carbohydrate and 
protein content, g) FAEE composition. 

The biochemical composition was also monitored to observe differences between 

strain and the lighting conditions.  A higher TFA content was obtained for UTEX 646 and 

N017 cultivated under red: blue light (10.20 and 8.40 % DW respectively) compared with 

white light for UTEX 646 and N017 (7.34 and 7.21 % DW).  In addition, a higher EPA content 

was obtained under red: blue lights for UTEX 646 and N017 (2.78 and 1.94 % DW) compared 

with warm white light (2.65 and 1.84 % DW) which was not statistically significant.  Red light 

has been reported to increase lipid synthesis in Tisochrysis lutea  (del Pilar Sánchez-Saavedra 

et al., 2016).  Green light has also been shown to result in an increase in lipid content (Jung et 

al., 2019) but in the current study, green light was shown to be non-essential and red: blue 

LEDs were responsible for increasing TFA content.  EPA is part of the polar lipids (galacto- 

and phospholipids) that make up the thylakoid membrane and can be affected by the available 

light (Derwenskus et al., 2020a) 
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A lower carbohydrate content was obtained for UTEX 646 and N017 under red: blue 

light (17.52 and 16.36 % DW respectively) compared with 24.38 and 17.87 % DW under 

warm white light.  An increase in protein content was observed for UTEX 646 and N017 under 

red: blue light (38.45 and 41.07 % DW) compared with 25.72 and 26.09 % DW respectively 

under warm white light.  Blue light has been revealed to cause proteogenesis in Tisochrysis 

lutea (del Pilar Sánchez-Saavedra et al., 2016).   

A decrease in fucoxanthin content for UTEX 646 and N017 was obtained under red: 

blue light (1.00 and 1.13 % DW respectively) compared with warm white light (1.26 and 1.60 

% DW respectively).  An excessive number of blue photons could result in a higher energy 

than required for photosynthesis and could cause photosynthetic quenching, resulting in ROS 

accumulation (Fu et al., 2013).  It has been reported that the use of only red and blue 

wavelengths, which are highly absorbed in the algal spectrum, could result in neglecting green-

amber wavelengths, which penetrate deeper in the reactor due to low photo absorption and 

thus, could be beneficial for high-density cultures or cultures grown in PBRs with a long light 

path (de Mooij et al., 2016; Schulze et al., 2016).   

The FCP complex contains seven molecules of chlorophyll a, two molecules of 

chlorophyll c and seven molecules of fucoxanthin which is responsible for harvesting blue-

green light and dissipating energy in diatoms (Wang et al., 2019).  Chlorophyll a has 

absorbance peaks at 445 and 663 nm, chlorophyll c at 450 and 630 nm, and fucoxanthin at 445 

nm which suggests that the FCP can harvest blue-green (fucoxanthin and chlorophyll) and red 

light (chlorophyll a) (Wang et al., 2018; Büchel, 2020; Yang et al., 2020).  The warm white 

light had emission peaks at 406, 438, 488, 548, 589, 595, 613 and 632 nm, but the red: blue 

(2.25:1) light only had two emission peaks at 459 and 634 nm.  In diatoms, red and blue light 

promote photosynthesis and biomass production whilst blue light alone promotes fucoxanthin 

accumulation (Wang et al., 2018b; Yang et al., 2020).  Chlorophylls absorb light in the blue 

(400-500 nm) and red (600-700 nm) wavelength of the PAR spectrum whilst fucoxanthin is 

responsible for the capability of diatoms to absorb light in the green region (500-570 nm), but 

fucoxanthin can also absorb red and blue light (Collier Valle et al., 2014).   A mixture of white 

and blue light (1:1) have been shown to increase fucoxanthin productivity in Nitzchia laevis 

to the highest productivity (16.50 mg L-1 d-1) reported to date (Lu et al., 2018).   Green light 

results in the highest fucoxanthin excitation, followed by white, and then blue light (Shimura 

and Fujita, 1975), and the presence of green light in the white spectrum could be accountable 

for the higher fucoxanthin content compared with red: blue LEDs. 
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For Tisochrysis lutea, blue light has been found to result in an increase in growth rate 

and protein compared with white light, but a decrease in lipid and carbohydrate was observed 

(del Pilar Sánchez-Saavedra et al., 2016).  It has been reported that blue light increases DNA 

and RNA synthesis and thus growth efficiency (del Pilar Sánchez-Saavedra et al., 2016).  Red 

light was found to result in a decrease in protein, carbohydrate and lipid (del Pilar Sánchez-

Saavedra et al., 2016).   

In all three strains there appeared to be a lower C/N ratio under red: blue light with a 

lower carbon content, but there was no statistically significant difference in nitrogen content 

(Figure 6.4).  The supply of CO2 (2 %) was the same for all strains and lighting arrangements 

and it could be that carbon uptake is higher under red: blue LEDs and further work is 

warranted.   

 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

Figure 6.4 – Elemental composition; a) C/N ratio under warm white and red: blue lights, carbon 
and nitrogen content under b) warm white and c) red: blue light; relationship between d) EPA and 
chlorophyll a, e) chlorophyll a and fucoxanthin and f) fucoxanthin and EPA 

 



 

174 | P a g e  

It appears from the current study that a combination of red and blue lights can result in 

an increase in protein, EPA and FAEEs, but a decrease in fucoxanthin content. 

6.4.3. Effect of warm white and red: blue LEDs on productivities in 
P. tricornutum UTEX 646 and N017 

 
UTEX 646 showed the highest overall biomass productivity under white light (0.16 g 

L-1 d-1) compared with red: blue light (0.14 g L-1 d-1).  In terms of biorefinery products; UTEX 

646 cultivated under white light resulted overall in the highest carbohydrate yield (39.28 mg 

L-1 d-1).  Whereas the highest fucoxanthin yield (2.12 mg L-1 d-1) was obtained with the N017 

strain cultivated under white light but this was not significantly higher than UTEX 646 (2.05 

mg L-1 d-1).  Interestingly, the highest protein (52.91 mg L-1 d-1), FAEE (14.04 mg L-1 d-1), and 

EPA yield (3.83 mg L-1 d-1) was recorded under red: blue light with UTEX 646.   

Table 6.1 - Biomass and product productivities after 7 d cultivation for P. tricornutum 
UTEX 646 and N017 under white and red: blue LEDs. 

 Warm white light Red: blue light 

 UTEX 646  Necton N017 UTEX 646  Necton N017 

Biomass (g L-1 d-1) 0.16 ± 0.01 0.13 ± 0.01 0.14 ± 0.00 0.11 ± 0.01 

Carbohydrate (mg L-1 d-1) 39.28 ± 1.98 23.92 ± 3.32 24.18 ± 4.11 17.06 ± 0.96 

Protein (mg L-1 d-1) 42.01 ± 3.35 34.92 ± 1.94 52.91 ± 3.67 43.43 ± 3.35 

Fucoxanthin (mg L-1 d-1) 2.05 ± 0.12 2.12 ± 0.04 1.38 ± 0.12 1.17 ± 0.14 

FAEE (mg L-1 d-1) 10.66 ± 3.65 9.43 ± 0.96 14.04 ± 0.97 9.05 ± 1.87 

EPA (mg L-1 d-1) 3.19 ± 1.08 2.41 ± 0.29 3.83 ± 0.34 1.67 ± 0.27 

 

Warm white lights contain a significant fraction of poorly captured regions of the 

spectrum (e.g. green and yellow) (de Mooij et al., 2016).  The light spectrum changes with 

increasing flask depth with preferential absorption of red and blue light for chlorophyll and 

green light for fucoxanthin (Oeltjen et al., 2002).  The light penetrating becomes greener as 

the red and blue fractions are rapidly absorbed with the warm white LED light quickly 

converted into green light with increasing culture depth (de Mooij et al., 2016).  It has been 

found that 53 % of the incoming light energy is absorbed within the first 2 mm and the 

photosynthetic efficiency in this layer has a dominant effect on the biomass productivity with 

higher productivities obtained with warm white light at ≥2 mm (de Mooij et al., 2016). 

Schulze et al. (2016) concluded the use of dichromatic lights with red and blue LEDs 

resulting in higher growth rates, as they cover the absorption peaks of chlA at 440, 625 and 
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680 nm and of antheraxanthin and violaxanthin pigments at 487-490 nm (Lee and Pilon, 2013; 

Pilon and Kandilian 2011).   

Nevertheless, the use of only red and blue wavelengths, which are highly absorbed by 

algae, results in neglecting of green-amber wavelengths, and allowing penetration to deeper 

in the reactor due to low photo absorption and thus, could be beneficial for high-density 

cultures or cultures grown in PBRs with a long light path (de Mooij et al., 2016; Schulze et 

al., 2014). 

As the fucoxanthin content and productivity was lower under red: blue LEDs, other 

channels of light could be necessary such as green light and further research on light 

wavelengths and photoperiod is warranted. 

 

6.3.4. Effect of lighting arrangement on commensal bacteria 
population 

To the authors knowledge, no study has looked at the effect of lighting arrangements 

on the commensal bacterial population associated with P. tricornutum. Marinobacter 

alkaliphilus (TB2 – small white colony), Halomonas neptunia (TB1 – large white colony) and 

Algoriphagus marincola (TB4 – red colony) were present in P. tricornutum CCAP 1055/1.  

Marinobacter alkaliphilus (TB10 – small white colony) was the only bacterial species 

observed in P. tricornutum UTEX 646.  Marinobacter alkaliphilus (TB3 - Halo and TB5 - 

small white colonies), Halomonas titanicae (TB9), Sphingorhabdus sp. (TB11 – yellow 

colony) and Croceibacter atlanticus (TB6 – orange colony) were observed in P. tricornutum 

N017.  The fact that Marinobacter spp. were found in all strains and that Halomonas sp. was 

found in CCAP 1055/1 and N017 reveals that the bacteria are commensal.  P. tricornutum 

typically inhabits brackish water environments such as rock pools where it lives planktonically 

or adheres to biofilms (De Martino et al., 2007).   

Alphaproteobacteria are ubiquitous in diatom cultures and Roseobacter has been 

isolated and characterised from a P. tricornutum culture isolated in Ziamen, China (Chen et 

al., 2019).  Marine agar has been widely used to isolate marine bacteria from P. tricornutum 

(Vuong et al., 2019).  Stappia sp., Halomonas sp., Rhizobium sp., Microbacteria sp., and 

Isomarina sp. have been isolated from P. tricornutum UTEX 646 cultures, but Stappia sp. was 

shown to be the most abundant (Vuong et al., 2019).   

To the authors knowledge this is the first report of Croceibacter and Sphingorhabdus 

being isolated from P. tricornutum.  Sphingorhabdus flavimaris has been isolated from 
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Skeletonema marinoi and has been found to stimulate the growth of this diatom (Johansson et 

al., 2019).  It would be interesting to investigate the effect of Croceibacter and 

Sphingorhabdus for improving productivities and to understand the metabolic interactions 

through a multi-omics approach. 

 

a) 

  

b) 

  

c) 

 
 

 

 

Figure 6.5 – Effect of lighting arrangement on commensal bacterial population; a) P. tricornutum CCAP 
1055/1 under white and red: blue LEDs, b) P. tricornutum UTEX 646 under white and red: blue LEDs, 
c) P. tricornutum Necton N017 under white and red: blue LEDs 
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In P. tricornutum CCAP 1055/1 Halomonas neptunia TB1 was found to dominate in 

the early logarithmic growth stage but then Marinobacter alkaliphilus sp. was found to be 

dominant in later logarithmic growth (day 4-7) under both white and red: blue light.  In UTEX 

646 Halomonas sp. was the only bacterium observed on modified marine agar.  For the Necton 

strain Marinobacter dominated at all cultivation stages. 

A sinusoidal growth curve was observed for all cultures.  The total bacteria numbers 

were lower under red: blue lighting for all strains.   Fatty acids (C14:0, C16:0, C18:0, C16:1, 

C18:1 and C20:5) secreted into the medium can have an important role in regulating bacteria 

isolated from P. tricornutum (Vuong et al., 2019) which could have accounted for the 

sinusoidal profile.  Other metabolites could also be responsible for regulating bacterial growth 

such as nucleotides, pigment derivatives, and peptides (Vuong et al., 2019).  A homolog to the 

antioxidant galactose oxidase (forms hydrogen peroxide) has previously been detected in 

P. tricornutum and there is evidence for a reactive oxygen substance based defence system 

(Buhmann et al., 2016), but it remains unclear whether diatoms are able to selectively 

discriminate between beneficial and antagonistic bacteria.  However, as a decrease in number 

of bacteria was observed in P. tricornutum cultivated with red: blue lights, it appeared that the 

red: blue LEDs resulted in a decrease in bacterial loading. It has been reported that blue light 

can kill species of bacteria (Cieplik et al., 2014; Enwemeka, 2013; Enwemeka et al., 2009), 

but this appears to be the first report that has investigated the effect on commensal bacteria 

associated with P. tricornutum.  In future it would be interesting to further understand if blue 

light is responsible for decreasing the bacterial loading. 

 

6.5. Conclusion 
Of the three strains it was identified that UTEX 646 had the highest overall biomass 

productivity and the highest carbohydrate, protein, FAEE, and EPA productivity, whereas 

N017 had the highest fucoxanthin productivity.  It was found that by using red: blue LEDs, a 

reduction in electricity consumption of 24 % could be obtained compared with white LEDs 

without a significant decrease in productivities.  When comparing the lighting source, red: 

blue LEDs resulted in a higher protein, FAEE and EPA productivity.  Red: blue light was 

found to influence the commensal bacterial population in the P. tricornutum culture.  The total 

bacterial count was observed to be lower under red: blue LEDs for all three strains over the 

cultivation period, but the bacterial community composition was similar for each P. 
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tricornutum strain, showcasing that red: blue LEDs could be used as a strategy for controlling 

the bacterial population.  To the authors knowledge this is the first report of Croceibacter and 

Sphingorhabdus being isolated from P. tricornutum and these co-cultures could offer 

advantages in biomanufacturing for improving productivities and this warrants investigation.   
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Chapter 7: General discussion: 

Phaeodactylum tricornutum: an emerging 

cell factory for both fucoxanthin 

production and aquaculture feed 

(aquafeed) supplementation 

 

Abstract 

Phaeodactylum tricornutum is a well-known microalga with the potential to be a cell 

factory and biorefinery chassis.  This microalga produces a high value product, fucoxanthin, 

which is of commercial interest and the remaining biomass which is rich in EPA and protein 

is valued as an aquaculture feed (aquafeed) additive.  The main bottlenecks to utilise 

P. tricornutum as a biorefinery chassis for the commercialisation of fucoxanthin and a 

depigmented microalgal biomass for aquafeed are low biomass productivities, low product 

yields, coupled with high production costs, primarily due to the high CAPEX involved with 

photobioreactors (PBRs) (such as glass tubular PBRs) and artificial illumination.  Process 

development can help elevate product contents whilst decreasing the total cost of production.  

This chapter first discusses the value of the products fucoxanthin and EPA from P. tricornutum 

and strategies to improve their yields.  The bottlenecks to overcome for the exploitation of 

P. tricornutum as a biorefinery chassis are then evaluated.  Wet extraction is discussed to 

bypass the costly drying process and an outlook is provided on how to commercially exploit 

P. tricornutum as a biorefinery chassis aimed at fucoxanthin and valuable aquafeed biomass 

for implementation in the UK.  

 

7.1 Microalgae as a global solution to world issues 
 

With the world population projected to reach 9.6 billion by 2050 (Tripathi et al., 2018), 

we will require biobased manufacturing practices to meet food and chemical demands.  

Industrial production of microalgae can provide valuable products including bioplastics, 

biofuels, pigments (astaxanthin, β-carotene, phycocyanin and fucoxanthin), nutraceuticals 

(omega-3 fatty acids), cosmetics, and pharmaceuticals (Butler et al., 2020; Sethi et al., 2020). 
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Several microalgal species are successfully produced at industrial scale (Chlorella vulgaris, 

Arthrospira maxima, Dunaliella spp., and Haematococcus pluvialis), with a total production 

of 20,000 tonnes dry weight (DW) per year, but primarily they have been exploited for single 

high-value pigments (Benemann et al., 2018).  Arthrospira (Spirulina) and Chlorella bulk 

selling prices range from US $10-30 ton-1 and the market is about half a billion dollars 

annually, with a tenfold increase at the consumer level (Benemann et al., 2018).  It has been 

projected by 2026 the global market for microalgae products could reach US $53.43 billion 

(Credence Research, 2020)).  The top three microalgae producing countries are in Europe 

(France, Ireland, and Spain) with a major focus on food-related applications, including the 

production of high-value products such as nutraceuticals (Araújo and García-tasende, 2021).  

Microalgae production and consumption in Europe is limited by lack of consumer awareness 

of the health benefits of microalgae, in conjunction with technological and regulatory hurdles. 

 

7.2 The diatom Phaeodactylum tricornutum as an 

emerging cell factory: products of interest 

(fucoxanthin and eicosapentaenoic acid) 
 

Microalgae can grow in seawater, brackish water, using marginal land or remediating 

wastewater (nitrogen or phosphorous recovery, heavy metals absorption and pharmaceutical 

waste) without the requirement for fertile arable soil, and they can use CO2 from flue gases of 

power stations containing SOx and NOx (Ma et al., 2016).  Within the eukaryotic microalgae, 

marine diatoms are the dominant primary producers in the ocean and amongst the most 

productive (responsible for ~40 % of primary production), responsible for 20 % of global 

carbon fixation (Bowler et al., 2010; Branco-Vieira et al., 2020). 

The microalga P. tricornutum is a model diatom species that is currently cultivated 

industrially for single high-value, speciality products; EPA (Simris-Sweden) and fucoxanthin 

(Alga Technologies-Israel).  P. tricornutum is also known to accumulate a spectrum of other 

natural products which have been demonstrated at pilot-scale (the omega-3 docasahexaneoic 

acid for cognitive development and the antioxidant carbohydrate, chrysolaminarin) and 

engineered marketable products at laboratory scale (the triterpenoid lupeol, bioplastics and 

antibodies) (Butler et al., 2020; Sethi et al., 2020).  At laboratory and pilot scale, P. 

tricornutum has been shown to dominate and outcompete other microalgal species with a 

tolerance for high pH and an ability to grow under low light (Remmers et al., 2018).   
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One high-value product which has been studied in detail is fucoxanthin.  Fucoxanthin 

is a xanthophyll carotenoid and is widely found in brown macroalgae (0.01-0.1 % DW) and 

diatoms (0.19-5.92 % DW) (McClure et al., 2018; Rebolloso-Fuentes et al., 2001; S. Wang et 

al., 2018b) and P. tricornutum typically exhibits a content between 1.02-2.61 % DW 

(Derwenskus et al., 2020a).  Fucoxanthin has a plethora of health benefits (animal and human 

trials) including anti-inflammatory, anti-tumour, anti-obesity, antimalarial and anti-diabetes 

(Bae et al., 2020).  The selling price is estimated at US $175 kg-1 for biomass containing 1 % 

fucoxanthin (Leu & Boussiba, 2014) and US $0.20-0.74 in capsular/softgel form 

(Timmermans, 2017; Wu et al., 2016).  However, to date P. tricornutum has not been granted 

Novel Food status which limits its market potential, especially in Europe.  In 2016, the global 

fucoxanthin production was approximately 500 tons and the market appeared to have grown 

at an annual rate of 5.3 % to 2021 (Gao et al., 2020).  In diatoms, fucoxanthin is one of the 

primary light harvesting pigments (along with chlorophyll a and c) in the FCP complex which 

traps light energy and offers photoprotection (Wang et al., 2018).   

Once fucoxanthin is extracted, the remaining biomass is considered of interest for 

aquafeed (EPA, protein, carbohydrate, minerals, and vitamins), and particularly EPA as an 

omega-3 fatty acid is crucial for larval development and human nutrition.  Currently fishmeal 

and fish oil are used to satisfy the growing aquaculture industry which consumes >70 % of 

fish meal and fish oil (Shah et al., 2018).   Global production of fish oil is estimated at one 

million tonnes annually, but this is unsustainable and the cost is rising to >US $3000 ton-1 (J. 

Chen et al., 2016; Shah et al., 2018).  P. tricornutum is either incorporated in the aquafeed for 

finfish or shrimp (zoea phase and larval phases) or as live prey for rotifers, artemia, copepods 

and shellfish (pre-set and post set) (http://phytobloom.com/aquaculture/).  EPA is an essential 

omega-3 fatty acid for human nutrition with the recommended daily intake (RDI) of 250 mg 

each day (Ryckebosch et al., 2014).  EPA is a precursor for signalling molecules such as 

eicosanoids and has defined benefits in cardiovascular health, cancer treatment, and for 

numerous mental health diseases (Deckelbaum & Torrejon, 2012; Oscarsson & Hurt-Camejo, 

2017).  EPA is currently mainly derived from fish oil (and to some extent krill oil) and to meet 

the RDI 0.8 g of fish oil must be consumed daily by humans, whereas for microalgae the daily 

intake would range from 1.3-12.5 g oil day-1 (Ryckebosch et al., 2014).  The market size for 

EPA is US $300 million and the selling price is US $200-500 kg-1 (Alam et al., 2020).  EPA 

is highly dependent on the strain, PBR system and cultivation conditions and can range from 

3.1-5 % DW without using GMO methods (Derwenskus et al., 2020).   

http://phytobloom.com/aquaculture/
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To date, utilising photoautotrophy, microalgae can attain higher biomass productivities 

(60–75 tons dry weight ha-1 y-1) and higher photosynthetic efficiencies (3-10 % of solar 

energy) at commercial scale in PBRs (Sethi et al., 2020) when compared with open ponds (45 

tons dry weight ha-1 y-1) (Richmond, 2013).   

To date the highest volumetric productivities of EPA and fucoxanthin obtained using 

a biorefinery approach was in a flat-panel photobioreactor (9.6 and 4.7 mg L-1 d-1) during the 

exponential phase (day 6) with high nitrogen (14.5 mM) and phosphorous (0.88 mM) (Gao et 

al., 2017).  High fucoxanthin and EPA content are typically obtained under low light and high 

nitrate (Fernández et al., 2000; McClure et al., 2018) but under nutrient-rich conditions EPA 

content has been found to be independent of the applied light intensity (Remmers et al., 2017).  

Even though P. tricornutum is exploited commercially for fucoxanthin and EPA by a few 

companies, productivities are still low under outdoor conditions (especially cold climates) and 

the cost of production is high which limits its industrial application.  Process optimisation is 

critical to increase yields, and medium composition, light, salinity and carbon supply can 

affect growth and biochemical composition and productivity.  In addition, a major bottleneck 

is contamination.  Contamination remains an unreported issue due to insufficient monitoring 

of crop and commercial sensitivity and this is a real industrial problem to overcome.   

 

7.3 The diatom Phaeodactylum tricornutum as an 

emerging cell factory: bottlenecks to 

commercialisation 
 

The major bottlenecks to the commercialisation of P tricornutum for bulk production 

such as aquafeed are the low biomass/product yields, high cost of production (electricity due 

to pumping and artificial illumination, dewatering, extraction), regulatory (GRAS status in US 

and Novel Food status in Europe), and marketing of the plethora of health benefits for 

consumers). In this thesis, biomass and product (fucoxanthin, EPA, and protein) yields were 

elevated from baseline conditions and a cost-effective harvesting approach was devised.  The 

fact microalgae are largely not economically viable is due to the high cost of production and 

low selling price where the process is mainly constrained by a single product approach. The 

reported fucoxanthin and EPA productivities of P. tricornutum range from 0.041-8.2 mg L-1 

d-1 and 0.90-56 mg L-1 d-1 (Table 6.1 and 6.2). 
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However, using a multi-product biorefinery approach where microalgal biomass is 

used as a feedstock for multiple products, can contribute to commercial viability. Furthermore, 

a multi approach to biorefinery can also contribute towards a circular economy and 

sustainability (Butler et al., 2020).   
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Table 7.1 - Fucoxanthin production from P. tricornutum 

Strain Cultivation conditions          Content  (% 
DW) 

Productivity (mg L-1 
d-1) 

Reference 

CCAP 
1055/1 

8 L airlift PBR, JWP powder media, 143-221 µmol photons m-2 s-1, 12:12 
light:dark cycle, 8-18°C, pH 7.8 control (fed-batch) 

0.88 0.74 Chapter 3 

8 L airlift PBR, JWP powder media, 21°C, stepwise light increase (82-117 µmol 
photons m-2 s-1), 12:12 light:dark cycle, 21°C, pH 7.8 control (outdoor 
cultivation, Sheffield, UK) (fed-batch) 

0.62-0.66 0.23-0.37 

CCAP 
1055/1 

250 mL flask, 5 x f/2 NP (4.42 mM nitrate, 0.18 mM phosphate), 33 % salinity, 2 
% CO2, 0.01 M glycerol, 142 µmol photons m-2 s-1, continuous light, 21°C 

1.27  1.78 Chapter 4 

N017 250 mL flask, Nutribloom (4 mM nitrate, 0.18 mM phosphate), natural seawater 
(12.1 ppt), 2 % CO2, 142 µmol photons m-2 s-1 warm white LEDs, continuous 
light, 21°C 

1.60 2.05 Chapter 6 

SCSIO828  2 L flask, f/2, continuous light, 40 µmol photons m-2 s-1, 25°C 0.55 - (H. Wu et al., 2016) 

CS 29/7 250 mL flask, 150 µmol photons m-2 s-1, 12:12 light:dark cycle, 25°C 0.19(AFDW) 0.041 (Ishika et al., 2017) 

CS-29 5 L flat panel PBR, f/2 (10 x nitrate), 150 µmol photons m-2 s-1, 12:12 light:dark 
cycle, 23°C 

5.92 2.3 (McClure et al., 
2018) 

UTEX 646 800 mL column PBR, 2f medium, 30 µmol photons m-2 s-1, 23°C 0.75 - (Wang et al., 2018) 

CCMP 2558 100 mL flask, modified f/2 medium, 300 µmol photons m-2 s-1, 20 or 25°C - 0.0026-0.04 (Nur et al., 2019) 

EGE 
MACC-70 

1 L aerated bottles, 2-7 L flat plate PBR, f/2 medium, continuous light (45-100 
µmol photons m-2 s-1), 18°C 

- 0.4-1.1 (Guler et al., 2019) 

CCMP 1327 250 mL flask, modified f/2 medium, two-phase mixotrophic cultivation: 1:1 red: 
blue LED, 20 µmol photons m-2 s-1 

0.13 8.2 (Yang and Wei, 
2020) 

CCAP 
1055/1 

250 mL flasks, Mann and Myers, 20 µmol photons m-2 s-1, continuous 
illumination 20°C 

1.20 0.4 (Song et al., 2020) 

*All studies were batch unless otherwise stated 
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Table 7.2 - EPA production from P. tricornutum 

Strain Cultivation conditions Content 
(% 
DW) 

Productivity 
(mg L-1 d-1) 

Reference 

CCAP 
1055/1 

8 L airlift PBR, JWP powder media, 143-221 µmol photons m-2 s-1, 12:12 light:dark cycle, 8-
18°C, pH 7.8 control (fed-batch) 

1.89 1.59 Chapter 3 

JWP powder media, 8 L airlift PBR, JWP powder media, 21°C, stepwise light increase (82-117 
µmol photons m-2 s-1), 12:12 light:dark cycle, 21°C, pH 7.8 control (outdoor cultivation, 
Sheffield, UK) (fed-batch) 

2.51-
2.59 

1.22-1.47 

CCAP 
1055/1 

250 mL flask, 5 x f/2 NP (4.42 mM nitrate, 0.18 mM phosphate), 33 % salinity, 2 % CO2, 0.01 
M glycerol, 142 µmol photons m-2 s-1, continuous light, 21°C 

3.80 7.54 Chapter 4 

UTEX 646 250 mL flask, Nutribloom (4 mM nitrate, 0.18 mM phosphate), natural seawater (12.1 ppt), 2 % 
CO2, 142 µmol photons m-2 s-1 2.25:1 red: blue LEDs, continuous light, 21°C 

2.74 3.83 Chapter 6 

UTEX 640 75 mL tubes, 20°C, 50 µmol photons m-2 s-1, 16:8 light:dark cycle, 21.5°C, 5 % CO2 3.3 19 (Yongmanitchai and 
Ward, 1991) 

UTEX 640 50 L external loop airlift PBR, Mann and Myers medium, 21°C, seawater (outdoor cultivation, 
Almeria, Spain), pH 7.6 control, (fed-batch) 

- 50 (Acién Fernández et al., 
2000) 

UTEX 640 60 L split-cylinder airlift PBR, modified Ukeles medium, 0.1 M glycerol, 0.01 M urea (outdoor 
cultivation, Almeria, Spain) (fed-batch) 

3 56 (Fernández Sevilla et 
al., 2004) 

M26 300 mL glass cylinders, 15°C, Walne’s medium, 120-150 µmol photons m-2 s-1, continuous light, 
seawater (29 psu), 1 % CO2 

3.4 5.32 (Steinrücken et al., 
2017) 

UTEX 646 20 L hanging bag PBR, 23°C, 4 x f/2 medium, 1 % CO2, 20 % salinity, 120 µmol photons m -2 s-

1, final 3 days 30 µmol photons m-2 s-1 
2.77 3.48 (Wang et al., 2018) 

SAG 1090-
1b 

Flat panel Algaemist, 20°C, on-demand CO2 sparging, 60-750 µmol photons m-2 s-1, 16:8 
light:dark cycle ( 

- 6-12 (Remmers et al., 2017) 

CCFM 06 
(Fito) 

40 L Green Wall Panels, modified f/2 medium (29 mM nitrate, 2.9 mM phosphate), salinity 29 
PSU, 5-25°C (outdoor cultivation, Bergen, Norway) (fed-batch) 

4.4 9.76 (Steinrücken et al., 
2018) 

CCAP 
1055/1 

250 mL flasks, Mann and Myers, 20 µmol photons m-2 s-1, continuous illumination 20°C 2.6 0.90 (Song et al., 2020) 

*All studies were batch unless otherwise stated
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In this thesis, four bottlenecks were focussed upon (outdoor cultivation in a cold 

climate, low biomass/product yields, cost effective and environmentally friendly harvesting, 

and low OPEX red: blue LED lighting). First, we aimed to determine if P. tricornutum could 

be grown in cold outdoor conditions in a prototype airlift photobioreactor.  It was revealed that 

P. tricornutum could be grown in a prototype airlift PBR using a commercially available 

powdered media both indoors and outdoors without contamination posing a threat to reduced 

productivities (chapter 2).  Indoor cultivation resulted in a higher biomass and fucoxanthin 

yield (with a higher average protein, chlorophyll a, and fucoxanthin content). Outdoor 

cultivation resulted in a higher protein, carbohydrate, total fatty acid (TFA), and EPA 

productivity (with a higher TFA, EPA, and carbohydrate content).  Trends between 

environmental conditions (temperature and light) were evaluated and EPA content appeared to 

be inversely correlated with temperature.  A high throughput flask screening approach was 

used to optimise product yields, particularly fucoxanthin and EPA using f/2 medium as a 

baseline. A culture medium consisting of nitrate and phosphate at 4.41 mM and 0.18 mM (5-

fold those employed in the traditional f/2 medium), salinity at 33 %, 2 % CO2 (v/v in air), and 

a transition to mixotrophy using glycerol (0.01 M) were found to result in increased biomass, 

protein, fucoxanthin, EPA, and protein yields (up to 9-fold) (chapter 3).  We aimed to develop 

an economically viable and biobased solution to harvesting.  It was shown that P. tricornutum 

could be harvested by a biobased tannic acid derivative of the invasive Acacia tree in only 10 

minutes which was more economical than other chemical flocculants and harvesting methods 

(chapter 4). Finally, three different P. tricornutum strains (CCAP 1055/1, UTEX 646 and a 

commercial strain (N017, Necton, Portugal)) were screened for their potential as a biorefinery 

chassis.  Under warm white light emitting diodes (LEDs) it was identified that UTEX 646 had 

the highest biomass, EPA and protein yield, whereas the commercial P. tricornutum N017 

resulted in the highest fucoxanthin yield.  When comparing the lighting source, warm white 

LEDs resulted in a higher biomass, fucoxanthin and carbohydrate yield but a lower protein, 

TFA and EPA yield compared with red: blue LEDs.  It was observed that the commensal 

bacterial community composition was similar under white and red: blue LEDs but the total 

bacterial count was observed to be lower under red: blue LEDs for all three strains over the 

cultivation period, showcasing the potential to reduce bacterial loading (chapter 5).  

Knowledge gained from this thesis can be applied to both upstream and downstream processing 

within industrial P. tricornutum production.   
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7.4 Phaeodactylum tricornutum: indoor vs outdoor UK 

cultivation at cold temperatures and low light 
 

Designing an economical medium which is easy to prepare is a bottleneck to be 

addressed.  The optimal cost effective medium for obtaining relatively high biomass, 

fucoxanthin, EPA, and protein yields, utilising a biorefinery approach for the model strain 

P. tricornutum CCAP 1055/1 was Cell-Hi JWP from Varicon Aqua Solutions Ltd. This powder 

could be added straight to the mixing tank and added over filters to the reactor.   

P. tricornutum can be cultivated indoors and outdoors in a range of photobioreactors 

(PBRs) (including tubular, flat-plate, and column) and open (raceway) ponds with biomass and 

product yields described in Butler et al. (2020).  Flat panel configurations are optimal for 

biomass, EPA and fucoxanthin productivities attributable to their low shear stress and effective 

illumination (Guler et al., 2019), nevertheless they are constrained by high rates of biofouling 

and their difficulty to clean (Lizzul, 2016).  PBRs result in higher productivities and more 

hygienic processes than raceway cultivation and can prevent (to some degree) against 

contamination and grazers (Scott et al., 2010) but they are cost prohibitive for most microalgal 

production facilities.  An airlift PBR (PhycoLift) system was designed mimicking the 

commercial system which has a low areal footprint.  It was determined that outdoor UK 

cultivation was possible utilising the airlift PBR under low light and temperatures (8-18°C) and 

there was an inverse relationship between temperature and EPA content.  It was concluded that 

indoor cultivation resulted in a higher volumetric and areal productivity, and higher EPA, 

fucoxanthin and protein yields compared with outdoor cultivation.  As the lighting conditions 

were similar it seems plausible that temperature control was important to ensure higher biomass 

productivities.  During cultivation indoors in flasks, and indoors/outdoors in the airlift PBR, 

the total commensal bacteria content showed a sinusoidal profile.  Halomonas sp. was 

dominant at low P. tricornutum densities but Marinobacter sp. was more dominant at higher 

P. tricornutum densities.  Halomonas had a higher growth rate and this could have ensured 

early dominance but particular culture conditions could have resulted in a shift to Marinobacter 

sp.  Fatty acid analysis revealed that C14:0, C16:0 and C18:0 (with C16:0 and C18:0 

accounting for >95 % of TFAs detected) were present in the EPS but no even-numbered 

antibacterial fatty acids such as EPA or C16:1 was detected over the indoor or outdoor runs 

which has previously been observed in flask cultures (Vuong et al., 2019).  Other metabolites 

could also be responsible for regulating bacterial growth such as nucleotides, pigment 

derivatives, and peptides (Vuong et al., 2019).  A homolog to the antioxidant galactose oxidase 
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(forms hydrogen peroxide) has previously been detected in P. tricornutum and there is evidence 

for a reactive oxygen substance based defence system (Buhmann et al., 2016).   

Challenges to overcome within PBRs are reactor design (ensuring high volumetric/areal 

productivities), high yield on light, lower shear (but minimal fouling), low pumping costs, 

avoidance of high energy requirement for temperature maintenance, and a requirement to 

minimise biomass losses due to photorespiration (Meiser et al., 2004; Tredici et al., 2015).  

Further work should be conducted utilising artificial light outdoors using greenhouses to 

increase photosynthetic activity and minimise photorespiration at night.  Employing 

temperature control could also help increase biomass and product yields. 

7.5  Culture condition manipulation for increased 

product yields 
 

A high throughput flask screening approach was used to optimise product yields, 

particularly fucoxanthin and EPA using f/2 medium as a baseline. It was observed that 

bicarbonate supplementation (5-125 mM) resulted in a decrease in biomass and product yields.  

In addition, decreased or increased salinity from the optimum (33%) resulted in a reduction in 

product yields.  However, a culture medium consisting of nitrate and phosphate at 4.41 mM 

and 0.18 mM (5-fold those employed in the traditional f/2 medium), salinity at 33 %, 2 % CO2 

(v/v in air), and a transition to mixotrophy using glycerol (0.01 M) were found to result in 

increased biomass (0.20 g L-1 d-1), fucoxanthin (1.78 mg L-1 d-1), EPA (7.54 mg L-1 d-1), and 

protein yields (15.65 mg L-1 d-1), up to ten-fold higher than the f/2 control medium.  This high 

throughput setup has application as a low-cost standardised setup for academia and industry to 

rapidly screen treatments for elevating biomass and product yield. 

 

7.6 The transition away from chemical flocculants: 

commercially viable harvesting of P. tricornutum 
 

Harvesting can contribute up to 15% of the total production cost for microalgal 

biomanufacturing (Fasaei et al., 2018).  A variety of methods have been investigated for 

commercial harvesting of microalgae and these are shown below.   
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Currently, centrifugation (disc-stack) and decanter bowl centrifuges are used as the 

industry standard and this has remained relatively unchanged since the early 1990s. However, 

centrifugation has a high CAPEX and OPEX (energy cost of 1 KWh m-3), accounting for 20-

25 % of the cultivation cost and thus are only used for the high value product markets (Butler 

et al., 2020; Butler and Guimarães, 2021).  Gravity sedimentation would be the most cost-

effective method but P. tricornutum was not found to auto-flocculate and therefore a series of 

biobased flocculants (which cause flocculation whereby particles in suspension are 

sedimented) were explored.  For commercial viability, the harvesting technique must meet 

specific criteria: increase the solid content to 5–25% total dry matter (solids content) depending 

on the downstream application, be time efficient (requiring <1 h), be of high efficacy (>80%), 

be cost effective, require a low energy input, leave behind little or no toxic residues, and not 

affect the quality of the biomass downstream (’t Lam et al., 2017; Vandamme et al., 2010).  A 

wide variety of harvesting methods have been suggested for P. tricornutum (reviewed by Butler 

et al., 2020). However, the most well researched area has focussed on flocculation with this 

method being scalable. In this study, a range of biobased flocculants (chitosan from crab shells, 

Moringa oleifera seed extract, pectin from bananas, tannic acid- based derivatives from Acacia 

tree bark and egg shell powder) were compared with traditional chemical flocculants 

(aluminium sulphate, iron chloride and sodium hydroxide). A standardised harvesting setup 
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was used for this study regarding the diatom P. tricornutum. It was concluded that Tanac’s 

tannin based Tanfloc 8025 (SL range) was the most promising, requiring a low concentration 

(10.4 kg ton−1 biomass), at low cost ($27.04 ton−1 microalgal biomass). The flocculant was 

effective over a wide pH (7.5–10.0) and temperature (15–28 ◦C) range and harvesting (>85% 

efficiency) occurred in 10 mins, which resulted in a biomass concentration factor of ≥ 5.69 

(0.63 % solids content achieved) (Butler et al., 2021). 

Tanfloc 8025 is useful as a primary dewatering step but should not be used as a single 

harvesting stage since further improvement is necessary.  An optimal harvesting apparatus 

should be used with a conical bottom to aid sedimentation and mixing times for uniform 

flocculant dispersal and floc formation should be investigated in more detail to maximise the 

performance of this biobased flocculant.  

 

7.7 Strain screening and potential of white and red: blue 

LEDs 
 

Three different P. tricornutum strains (CCAP 1055/1, UTEX 646 and N017 (a 

commercial strain, Necton, Portugal)) were compared to determine the optimal strain for 

producing the highest biomass, protein, fucoxanthin, and EPA yield in natural seawater.  It was 

identified that P. tricornutum UTEX 646 had the highest biomass productivity (0.16 g L-1 d-1), 

along with the highest carbohydrate (39.28 mg L-1 d-1), protein (42.01 mg L-1 d-1), TFA (12.18 

mg L-1 d-1) and EPA yield (4.33 mg L-1 d-1).  Whereas, P. tricornutum N017 from Necton 

resulted in the highest fucoxanthin yield (2.12 mg L-1 d-1) which was similar to UTEX 646 but 

2.5-fold higher than CCAP 1055/1.  The second hypothesis tested was that red: blue LEDs 

could result in higher productivities.  When comparing the lighting source, warm white light 

emitting diodes (LEDs) resulted in a higher biomass, fucoxanthin and protein yield (>12, 18, 

and 24 % strain improvement) than red: blue LEDs.  However, red: blue LEDs resulted in a 

higher EPA and TFA yield compared with warm white LEDs (13 and 15 % strain 

improvement).   

The third hypothesis tested was the potential of red: blue lights to affect the bacterial 

community composition and to reduce the bacterial loading of the P. tricornutum culture.  It 

was observed that the bacterial community composition was similar under white and red: blue 

LEDs.  Marinobacter sp. was present in all strains and dominated at most stages of cultivation 

indicating a commensal relationship.  Halomonas sp. was only present in P. tricornutum CCAP 
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1055/1 and the commercial Portuguese (Necton) strain N017.  Algoriphagus sp. was only 

present in P. tricornutum CCAP 1055/1 and was low in number (<3 % of the population).  

Comparatively, Sphingorhabdus and Croceibacter spp. were present in the commercial 

Portuguese (Necton) strain.  The total bacterial count was observed to be lower under red: blue 

LEDs for all three strains over the cultivation period, showcasing the potential of red: blue 

LEDs as a contamination mitigation strategy.   

 

7.8 Main conclusion  
 

In this thesis, a cost-effective powdered media formulation (JWP) was shown to involve 

low preparation time and outperform conventional liquid f/2 medium.  JWP resulted in a higher 

fucoxanthin, EPA, and protein yield.  JWP was subsequently used for cultivation of 

P. tricornutum indoors and outdoors in an airlift photobioreactor (PhycoLift) using a repeated 

fed-batch approach.  Indoor cultivation resulted in a higher biomass, protein, and fucoxanthin 

yield but outdoor cultivation resulted in a higher EPA content which appeared to be inversely 

correlated with temperature.  Commensal bacteria (Marinobacter sp. and Halomonas sp.) were 

isolated from the cultures and identified. The total bacteria count showed a sinusoidal growth 

profile, and it was apparent that Halomonas predominated at low microalgal densities, but at 

higher microalgal densities there was a community shift to Marinobacter.  It was hypothesised 

that EPA was secreted by the microalga P. tricornutum and could have had an effect on 

controlling the population. However, when the extracellular matrix was analysed it did not 

contain EPA, and the metabolites responsible for regulating the bacterial growth remain to be 

elucidated.   

With downstream processing accounting for 70-80 % of the cost of microalgal 

biomanufacturing, and harvesting accounting for up to 30 % of the production cost, alternative 

methods for bioflocculation were evaluated.  P. tricornutum could be economically harvested 

using a tannic acid-based derivative that was determined to be optimal; Flocculation occurred 

within 10 minutes, resulting in a high harvesting efficiency (>85 %), a concentration factor 

≥5.6, and was economical (US $21 ton-1 microalgae biomass harvested) offering a cost saving 

of >US $61 ton-1 compared with chemical (US $82 and 264-560 ton-1 for sodium hydroxide 

and aluminium sulphate respectively) and chitosan as a traditional biobased flocculant (US 

$360-18,000 ton-1). 
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A high throughput screening approach was used to optimise product yields, particularly 

fucoxanthin and EPA using f/2 medium as a baseline. Conventionally f/2 medium has been 

used for the cultivation of P. tricornutum and we have demonstrated why it is a ‘maintenance’ 

medium and not a production medium due to its low nitrate and phosphate content.  A culture 

medium consisting of nitrate and phosphate at 4.41 mM and 0.17 mM (5-fold those employed 

in the traditional f/2 medium), salinity at 33 %, 2 % CO2 (v/v in air), and a transition to 

mixotrophy using glycerol (0.1 M) was found to result in increased EPA, fucoxanthin and 

protein yields up to 9-fold higher.    

In summary, this work entitled “The diatom Phaeodactylum tricornutum as a 

microalgal cell factory: utilising a biorefinery approach” has demonstrated that the Phycolift 

was suitable for the utilisation of P. tricornutum as a biorefinery chassis and Tanfloc as a 

biobased flocculant was commercially viable for harvesting.  This thesis has commercial 

application to rapidly screen treatments for elevating biomass and product yield, whilst 

decreasing the time taken for harvesting at reduced cost for example, the production of 

fucoxanthin, and a depigmented by-product as an aquaculture additive. 

 

7.9 Future outlook  
 

7.9.1 Upstream developments 

The maximum biomass concentration achieved to date in a fed-batch approach is 25.4 

g L-1 with a volumetric productivity of 1.7 g L-1 d-1 in an outdoor airlift PBR in Almería, Spain 

utilising mixotrophic cultivation with glycerol (0.1 M) (Fernández Sevilla et al., 2004).  The 

highest volumetric productivity of EPA (56 mg L-1 d-1) was also obtained under the same 

conditions with 3 % DW EPA (Fernández Sevilla et al., 2004).  The maximum fucoxanthin 

productivity (8.22 mg L-1 d-1) was achieved in a two-phase cultivation approach by using red: 

blue light (6:1) in phase 1 with high nitrate and 0.1 M glycerol, and a transition to red: blue 

light (5:1) by enhancing blue light and the addition of tryptone in phase 2 (Yang and Wei, 

2020) 

Utilising a biorefinery approach the highest fucoxanthin, EPA, and chrysolaminarin 

productivities (4.7, 9.6, and 93.6 mg L-1 d-1 respectively) were obtained in indoor flat-plate 

PBRs under photoautotrophic conditions with hight nitrate with fucoxanthin, EPA and 
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chrysolaminarin yields of 0.7, 2.3 and 14 % DW respectively, but the EPA/fucoxanthin 

productivities and yields were lower than using a single-product approach (Baoyan et al., 

2017).   

Tubular systems have been the most widely developed of the commercialised systems 

with global suppliers such as Varicon Aqua Solutions Ltd. and Lgem having constructed and 

deployed numerous systems for both commercial and academic applications.  Tubular 

configurations are favourable over plate configurations as they have higher liquid velocities, 

lower biofouling rates, they are easier to disassemble and clean, and the modular nature of the 

tubes allows for easy replacement (Lizzul, 2016).  Vertical tubular systems have a low areal 

footprint and can lead to high volumetric and areal productivities.  PBR design will be critical 

for ensuring most of the light is captured by the algal cells and often the light path will be fixed 

at 65 mm for tubular PBRs for standard glass tubes.  Automated self-cleaning systems should 

be built in to prevent or minimise downtime. 

A daily harvesting mode should be employed using a chemostat approach and the 

optimal dilution rate needs to be determined (typically 20-40 %) to avoid excessive dilution of 

the culture, to minimise fouling/contamination, and to ensure operation >3 months (Butler and 

Guimarães, 2021).  It remains to be determined if a turbidostat or chemostat approach is the 

optimal bioprocess and future harvesting strategies should involve automated harvesting, 

medium recycling, and culture dilution to reduce OPEX from labour. 

For a biorefinery approach (operating at high biomass, fucoxanthin, EPA, and protein 

productivities), ensuring a high biomass concentration will result in a low light per cell or per 

gram of biomass and enhance the EPA and fucoxanthin content, but there will be a trade-off 

with obtaining high biomass productivities (high light per cell).  The effect of glycerol addition 

needs to be studied in more depth for increasing biomass and product yields, looking 

specifically at uptake rates, avoidance of reduced photosynthetic activity, and the control of 

contamination.   

Red light promotes cell growth and blue light enhances fucoxanthin yield, with blue 

light more economical than red: blue LED light and white light (50 and 75 % of the energy 

input) (Yang and Wei, 2020).  The FCP complex contains seven molecules of chlorophyll a, 

two molecules of chlorophyll c and seven molecules of fucoxanthin which is responsible for 

harvesting blue-green light and dissipating energy in diatoms (Wang et al., 2019).  It has been 

determined that green light results in the highest fucoxanthin excitation, followed by white, 

and then blue light (Shimura and Fujita, 1975).  The lowest level of chlorophyll content was 

observed under green light and increased with white and blue light (Shimura and Fujita, 1975).  
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However, the intracellular amount of fucoxanthin under green light was similar to that under 

white light (Yang and Wei, 2020).  Green light upregulates Zeaxanthin epoxidase (ZEP) and 

lycopene β-cyclase (LCYB) but the positive effects disappears after greater than 24 h exposure, 

whereas but blue light upregulates PSY, phytoene desaturase (PDS),  ζ-Carotene desaturase 

(ZDS) and ZEP (Yang et al., 2020).  Blue LEDs have been observed to result in the highest 

fucoxanthin productivity whilst minimising energy consumption compared with white light 

and a mixture of red: blue LEDs in Cylindrotheca closterium (Wang et al., 2018b).  A 

combination of red: blue light appears to be a suitable strategy for elevating biomass, EPA, and 

fucoxanthin but further work is warranted.   

Genome editing tools offer a breakthrough in targeted mutagenesis for the development 

of P. tricornutum as a cell factory, given that the organism is diploid (33 paired chromosomes) 

and sexual reproduction cannot be controlled in the laboratory, limiting random mutagenesis 

as a useful tool for trait improvements.  Nuclease-driven random integration of plasmid DNA 

into the genome of P. tricornutum has resulted in low transformation efficiencies, off-target 

cleavage, gene disruptions, and the impossibility to eliminate background mutations or 

integrated transgenes through outcrossing (Serif et al., 2018).  CRISPR/Cas9 with an optimised 

Cas9 has been effective in P. tricornutum for inactivating single target genes and for the 

generation of stable knockouts (Nymark et al., 2016a; Slattery et al., 2018; Stukenberg et al., 

2018).  However, CRISPR-Cas9 experiments are challenging in diatoms such as P. tricornutum 

because the organism has two copies of its chromosomes and two individual DNA repair events 

must occur for the production of homozygous or heterozygous mutations at the target loci 

(Moosburner et al., 2020).  Non-homologous end joining mediated mutagenesis is 

unpredictable in diploid organisms and requires highly sensitive genotyping methodologies 

(Moosburner et al., 2020).  Genotyping the generated cell lines in P. tricornutum has been 

difficult and time consuming (Moosburner et al., 2020).  Recently, bacterial conjugation has 

been optimised for Cas9 delivery and the mutant cell lines can easily be genotyped and isolated 

(<3 weeks) without relying on a known phenotype for screening mutants (Moosburner et al., 

2020).   
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7.9.2 Development of wet sequential extraction methods to bypass 

drying and product formulation 

Downstream processing encompasses harvesting, cell disruption, extraction, 

encapsulation, and formulation of the compound.  Depending on the application, downstream 

processing can account for 20-70 % of the costs of the production process (’t Lam et al., 2017; 

Kapoore et al., 2018).  The cost of centrifugation should be minimised or avoided by 

dewatering using biobased flocculation (up to 0.6 % solids using Tanfloc 8025) and tangential-

flow membrane filtration (up to 15 % solids content) and the medium re-used for cultivation 

offering a cost and environmental saving. 

 

7.9.3 High cost of drying 

Dried biomass (5 % moisture content) is an excellent raw material for extraction of the 

various components present and is often used to increase the shelf life of the biomass,  (Fasaei 

et al., 2018).  However, drying can account for 89 % of the required energy input and 70–75 

% of the total cost of processing (Taher et al., 2014).  Drying is a costly activity because it 

takes a lot of energy to evaporate water.  The choice of drying technique is related to energy 

cost, application of the dried biomass downstream (e.g., for animal feed or for extraction), and 

the processing time.  Many common industrial drying technologies use heat, which may lead 

to degradation of the biochemical fractions.  Different technologies are used to dry microalgae, 

and the most common are freeze drying, solar drying, oven drying, spray drying, and belt 

drying (de Souza et al., 2019).  Other technologies have also been tested, such as vacuum, 

microwave, agitated thin-film, pulsed combustion, and crossflow air drying. The two most 

economically feasible drying methods are spray and drum drying (requiring a feedstock of 10-

15 % solids) which both can result in a moisture content of 5 %, with >99 % recoveries.  The 

cost of labour is comparable as one operator team can manage more units.  Drum and spray 

drying have the capacity to dry 50 kg dry weight per hour, and the process can be automated 

enabling 24/7 drying, reducing the cost of labour.  The energy consumption of a drum dryer is 

around 0.9 and a spray dryer is 1.09 kWh kg-1 evaporated water which leads to 0.25- and 0.30-

euros kg-1 dried algae as total energy costs (Fasaei et al., 2018).  Consumable costs are 

negligible.  The overall costs are just below 0.5 euros kg-1 dried algae for both drying systems 

with spray drying having lower CAPEX and drum drying having lower OPEX (Fasaei et al., 

2018).  Of the two methods, drum drying may be optimal as the powder is reported to be more 
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digestible, and has a dual advantage of sterilising the sample and breaking the cell wall (Show 

et al., 2015).   

 

7.9.4 Extraction from dry material 

A variety of solvents have been used for extracting fucoxanthin but as this compound 

is a polar molecule extraction is best performed using ethanol as a green solvent for high 

fucoxanthin recovery and yield (Delbrut et al., 2018).  A range of extraction techniques 

(biochemical, mechanical and physical) have been investigated for microalgae reviewed by 

(Kapoore et al., 2018) and for P. tricornutum as described and reviewed by (Butler et al., 2020).  

Green solutions include microwave assisted extraction (MAE), pulsed electric field (PEF), 

ultrasound assisted extraction (UAE), pressurized liquid extraction (PLE), supercritical fluid 

extraction (SFE) and the use of enzymes and deep eutectic solvents (easier to synthesise, 

cheaper, and no purification required compared with ionic liquids) (Esquivel-Hernández et al., 

2017; Płotka-Wasylka et al., 2020).  Microwave assisted extraction (MAE) has been used to 

extract fucoxanthin from dry P. tricornutum biomass utilising ethanol but only 32 % recovery 

was obtained (0.46 % DW) (20:1 ratio of solvent to biomass, 2.45 GHz, 850 W, 30°C, 2 mins) 

(Gilbert-lópez et al., 2017).   An issue which should be further explored is a cost effective and 

environmentally friendly approach to the separation of fucoxanthin and EPA. Zhang et al 

(2018) developed a protocol for the extraction of fucoxanthin with ethanol from dried biomass 

and hexane was used for the partition of EPA.  However, this process is complex and the 

extraction yields are low for industrial implementation.  Furthermore, utilising hexane would 

be of environmental and human health concern where the EPA could not be used in many 

commercial applications and would not be suitable in an industrial context. 

 

7.9.5 Wet extraction 

To avoid the cost of drying a wet extraction method should be explored.  However, with 

wet processing, product yields can be lower as shown in this thesis for EPA (Appendix B).  

The highest yield of fucoxanthin extracted to date was using pressurised liquid extraction (PLE) 

on wet P. tricornutum biomass at 100°C for 10 mins (1.63 % DW). A novel wet method 

combining cell disruption and extraction has been used to extract astaxanthin which could be 

applied to fucoxanthin extraction and involves hydrothermal disruption (200°C, 10 minutes, 6 

MPa) in a microfluidic platform, which results in uniform and complete cell disruption and is 

more environmentally friendly than conventional chemical methods as water evaporation is 
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avoided, reducing the energy input (Cheng et al., 2018, 2017).  Using a microfluidics approach 

with hydrothermal disruption for cell disruption, followed by ScCO2 extraction (8 MPa, 55°C, 

with ethanol as a cosolvent, CO2 /ethanol (4:1), flow rate 100 and 25 μL min− 1 respectively), 

astaxanthin could be extracted in 30 s (Cheng et al., 2018). Ethanol is believed to enhance the 

extraction rate and recovery through the removal of a two-phase interfacial barrier between the 

solvent and the water-wet surface of the cell and through the increased solubility of astaxanthin 

(de la Fuente et al., 2006). Olive oil has also been revealed as an attractive cosolvent with ~ 

98% extraction efficiency but requires a longer extraction time (180 s) compared with ethanol, 

and the olive oil was found to immediately displace the water phase (Cheng et al., 2018). 

In order to recover and separate a spectrum of products, a variety of cascade extraction 

techniques are required, the key is to separate the high-value products first and to enhance the 

economic feasibility of the process (Branco-Vieira et al., 2020).  Few studies have addressed 

the option for sequentially extracting products from P. tricornutum using a biorefinery 

approach and it has been suggested that fucoxanthin should be extracted first followed by EPA 

and chrysolaminarin but the economic viability has yet to be shown (Zhang et al., 2018). 

Alternatively, a ‘milking’ process where operating parameters are selected which 

temporarily open pores within the cell wall (as in electroporation) holds promise and can be a 

viable option for the selective release of fucoxanthin from the cell. Temporarily opening the 

pores could release fucoxanthin into the media, which would result in a simplified extraction 

process with a reduction in energy requirement and without disrupting the cells. 

 

7.9.6 Fucoxanthin encapsulation 

Post cell disruption and extraction, the final product will likely be a semisolid extract, 

an ‘oleoresin’, composed of fucoxanthin, some lipid and non-lipid component e.g., 

carbohydrate and this would then be encapsulated for use as a nutraceutical.  Care must be 

taken to prevent oxidation during processing, handling, encapsulating, tableting, packaging, 

and storage.   

A common method to deliver nutraceuticals into the human body is in a gelatine capsule 

(Jiang & Zhu, 2019) but they are not suitable for vegan consumers and carbohydrates can 

interfere with emulsion formation and thus alternative methods would be required (Khalid et 

al., 2017).  The methods for encapsulation have been reviewed in detail by Khalid and Barrow 

(2018), and the aim is to enhance the stability, solubility, and bioavailability of the pigment. In 

the formation of an oil-water emulsion, the aim is to reduce the particle size and avoid droplet 
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aggregation and coalescence (Anarjan and Ping Tan, 2013).  Changes in the droplet/particle 

size can result in changes in coloration, and the effectiveness of the emulsification process is 

affected by emulsifier concentration, heating temperature, and pH (Khalid et al., 2017).  High 

temperature should be avoided as this can result in changes in stereoisochemistry (Khalid and 

Barrow, 2018).  Typical methods for encapsulation include high-pressure homogenization, 

emulsification, phase inversion, nanoparticles, nanodispersions, and microencapsulation 

(reviewed by Butler and Guimarães, 2021).  In the future, membrane and microchannel 

emulsification appear promising, but more focus is required on developing a cost-effective 

vegan capsule, using environmentally friendly chemicals, ensuring compliance with food 

safety and regulatory bodies while making the process scalable.  A further emphasis should be 

on attaining higher encapsulation efficiency, smaller droplet formation, minimising 

fucoxanthin loss, whilst maintaining stability/functionality of the emulsion. 

 

7.9.7 Aquafeed formulation 

After the fucoxanthin is extracted from the P. tricornutum biomass for the nutraceutical 

sector, 90 % of the biomass remains unexploited such as protein, lipid, carbohydrate, vitamin 

and mineral fractions (Madeira et al., 2017).  The remaining biomass could then be 

incorporated into aquafeed as has been shown for the delivery of omega-3 fatty acids in 

Salmonid feed (Sørensen et al., 2016).  P. tricornutum biomass can result in improvements in 

growth rate, larval survival, feed conversion ratios, immune response and egg fecundity 

(Becker and Michels, 2004).  Fish (in addition to other animals and humans) are unable to 

synthesise long chain polyunsaturated fatty acids (LC-PUFAs) such as EPA and these must be 

supplemented in the diet.  Preparing aquafeed containing P. tricornutum is an extensive process 

and involves mixing, extrusion, pelletising, and drying.  During the aquafeed mixing stage, P. 

tricornutum is mixed with dry ingredients (e.g., fishmeal, bulking agents, vitamins and 

minerals).  The mixture is then extruded or pelletised to improve digestibility of starch and 

protein, whilst simultaneously minimising degradation of feed ingredients, followed by drying 

(oven or vacuum drying) to result in a final product with <10 % moisture (Jiang et al., 2019; 

Lim et al., 2018).  Finally, after the pellet is made, the fish oil and water are added (Butler and 

Guimarães, 2021; Pereira et al., 2020).   
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7.9.8 Cost effective production of P. tricornutum for both fucoxanthin 
and depigmented microalgal biomass for aquaculture feed 

The reference cost price of microalgae biomass (on a dry weight basis) in aquaculture 

hatcheries (taking into account a 25 m2 system) is €290 kg−1 and € 329 kg−1 for tubular reactors 

under artificial light and a greenhouse, respectively (Oostlander et al., 2020) (dewatering and 

drying cost excluded.  With state of the art technologies a cost price reduction of 92% could be 

achieved by changing the scale from 25 m2 to 1500 m2, resulting in a cost price of €43 kg−1 

DW, producing 4 tonnes year−1 for tubular reactors in a greenhouse (Oostlander et al., 2020).  

It was identified that using artificial light could result in the highest cost reduction (35-36 %) 

for all tested scenarios.   

Using a microalgae biorefinery model the cost of production is expected to be 3-7 euros 

kg-1 DW (production in the south of Spain, 100 hectare scale) with a resulting revenue of 31 

euros kg-1 including cultivation (tubular PBRs) and downstream processing (Chauton et al., 

2015).  Electricity costs required for cultivation are high (62 % of the costs of cultivation in an 

indoor setting) (Pérez-López et al., 2014), and this can be attributed to LEDs, pumping costs 

(liquid and air pumps) and temperature regulation (in cost order).  Consequently, microalgal 

products should be produced in an outdoor setting (or a greenhouse exploiting sunlight).  Using 

bioflocculation (Tanfloc) in combination with wet extraction (PEF or MAE) could result in the 

selective release of fucoxanthin without killing the cells but this remains to be tested.   

Currently, only one company globally has achieved large scale production of 

fucoxanthin (~500 kg year-1 purified fucoxanthin) from macroalgae (Pers. Com. Fengzheng 

Gao, 2021).  From the economic assessment of obtaining fucoxanthin from P. tricornutum 

(0.71 % DW), the minimum cost for purified fucoxanthin (90 % w/w) was 32,042 euros kg-1 

(Derwenskus et al., 2020b).  An EPA oil has been developed by Simris, Sweden which has 

been granted Novel Food status but fucoxanthin is still not registered as a Novel Food and 

accepted for market in Europe.   

For ensuring a sustainable and cost-effective, environmentally friendly production 

approach in the UK for fucoxanthin and aquafeed, a microalgae farm will need to be at least 1-

hectare in scale and should be arranged in a greenhouse setting with ‘outdoor cultivation’ to 

utilise natural sunlight, with supplementation from low CAPEX/OPEX LEDs with energy 

sourced from solar renewable energy sources (wind/solar from the grid or solar panels on the 

greenhouse), organic fertilisers should be used and the media should be recycled (using 

membrane filtration for the removal of bacteria and inhibitory metabolites), with cooling using 

a cooling coil and misting in summer (to minimise energy expense and water footprint).  
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Further reductions in cost and increases in product yield will be required utilising an optimised 

PBR design (vertical tubular systems for lower land space occupation and higher areal 

productivities), utilising artificial light for increasing biomass productivity/yield on 

light/photosynthetic efficiency.  An optimal harvesting regime needs to be designed using 

automation (daily harvesting using a turbidostat or chemostat).  Combined omics studies 

(transcriptomics, proteomics and metabolomics) will determine bottlenecks in pathways for 

implementation of advanced genetic engineering for increasing biomass and product yields.  If 

a genetically engineered strain is to be utilised for commercial production, caution is warranted 

because there are regulatory hurdles to overcome such as Directive 2001/18/EC in the 

European Union (EU) where the approval procedure can take 4–6 years and cost 7–15 million 

Euros (Hartung et al. 2014). 

Utilising a stepwise increase in light during early stages of cultivation can avoid 

photoinhibition and culture crashes.  Higher biomass concentrations, coupled with higher light 

intensities will lead to higher biomass productivities.  Finally, before harvesting the light 

intensity should be reduced to maximise the fucoxanthin content and productivity.  

Furthermore, the biomass could be concentrated by flocculation using Tanfloc with 

submergible LEDs to supply low light to induce fucoxanthin accumulation.   
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Appendix A 
 

 

This section contains supplementary figures, tables that resulted from Chapter 3 of this 

work.  

 

Supplementary files 
 

Table S3.1 - Microalgae cultivated with Cell-Hi F2P Powdered Media 
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Table S3.2 - Microalgae cultivated with Cell-Hi WP Powdered Media 

 

 

 

 

 

 

 

 

 

 

Table S3.3 - Working stock formulation for Cell-Hi all-in-one powdered media  

 

Medium Powder (kg) Water (L) Final concentration (mL L-1) Final concentration (g L-1) 

Cell-HI F2P 1 10,000 1 0.1 

Cell-HI WP 1.5 10,000 1 0.15 

Cell-Hi JWP 1 20,000 2 0.1 
 

 

Cell-Hi powdered (Varicon Aqua Solutions Ltd.) stock solutions (1 kg 10 L-1 for Cell-

HI F2P, 1.5 kg 10 L-1 for WP, and 1 kg 20 L-1 for JWP) were prepared by thoroughly mixing 

at room temperature (20°C) with a magnetic stirrer (N2400-2000 Starlab, UK) until the product 

dissolved.  The final concentrations of Cell-Hi F2P, WP and JWP were 0.1, 0.15, and 0.1 g L-

1 respectively as recommended by the manufacturers. 
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S3.4 - Hydroponics medium pre-screening methodology 

 

Economical and easy application ‘Hydroponics media’ were prepared by mixing two 

components of the FloraSeries Hydroponic fertiliser (GHE, Fleurance, France); FloraMicro 

(M) and FloraBloom (B) at previously described concentrations; M1B1, M1B2, M1B5, M2B1, 

M2B2, M2B5 (M1-M5, 1-5 mL L-1 FloraMicro; B1-B5 1-5 mL L-1 FloraBloom) (Butler et al., 

2017; Tocquin et al., 2012) and were compared to f/2 as the control in 250 mL Erlenmeyers 

with 100 mL media.   

 

Table S3.5 – Hydroponics cost assessment 

 
 

Stock cultures were harvested during late-log, centrifuged at 4000 rpm for 10 mins 

(3500 g), washed with 20 mL phosphate buffered saline and re-suspended in 250 ml 

Erlenmeyer flasks for experimental flask screening. The experimental cultures were incubated 

at 21°C (Series 4, LMS incubator, UK) and agitated at 120 rpm using a Stuart reciprocating 

table shaker (SSL2, UK) under continuous light at 125  9 µmol photons m−2 s−1 for the 

hydroponics medium pre-screening (provided by 2700 k Hansa ECO Star silver lamps) for 7 

d. The initial inoculum density was an optical density of 750 nm (OD750) = 0.12 (equivalent to 

ca. 1 x 106 cells/mL, 0.02 g L-1 DW) and growth was monitored daily by measuring cell count.  

 

The media were filter sterilised using bottle-top vacuum filtration (Nalgene, 291-3320, 

Thermo Scientific, UK).  From the culture, 50 mL was harvested and the biochemical 

composition (fatty acids, fucoxanthin, chlorophyll a, protein, and carbohydrate) were analysed 

after 7 d. 

 

  

Medium cost per m3

Commercial f/2 f/2 M1B1 M1B2 M1B5 M2B1 M2B2 M2B5

Cost (£s) per m3 954 5.8 14.83 20.63 38.01 23.87 29.67 47.05

Cost (£s) per m
3 

(media/mixing/labour)
966.03 53.89 26.94 32.74 50.12 35.98 41.78 59.16
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S3.6 Evaluation of FloraMicroBloom formulations 

 

The aim was to compare six hydroponics medium formulations (FloraMicroBloom) 

which were found to be economical alternatives, previously untested for P. tricornutum to 

determine if they offered an improvement in growth and product yield (fucoxanthin, EPA, and 

protein) compared with conventional f/2 medium.  Amongst the six screened media, a 

maximum cell density (1.68 x 107) and biomass density (0.31 g/L DW) was observed with 

M2B1 (i.e. 2 mL L-1 FloraMicro and 1 mL L-1 FloraBloom) corresponding to a maximum 

growth rate of µmax = 0.90 d-1 (doubling time of 18.5 hand an average growth rate of µ = 0.40 

d-1 (doubling time of 42 h).  However, there was no significant increase in final cell density or 

biomass concentration compared with the f/2 control medium (1.77 x 107 and 0.36 g L-1 

respectively).  One characteristic of M2B1 and f/2 was that they had a higher N/P ratio (20.4) 

than the other media and this could have accounted for the increased growth (Figure S3.9).  

Previously, FloraMicroBloom has only been tested for Haematococcus pluvialis and the 

formulation M1B5 (1 mL L-1 FloraMicro and 5 mL L-1 FloraBloom) resulted in the highest cell 

count and biomass concentration which was attributable to the high phosphate content and low 

N/P ratio (Tocquin et al., 2012).  Comparatively for P. tricornutum M1B5 resulted in a low 

biomass yield and M2B1 was optimal and thus the optimal formulation appears species 

specific.   

Biochemical analysis conducted after 7 days of cultivation revealed a difference in 

composition between the media treatments.  M1B5 and M2B5 were not analysed for their 

biochemical components due to their low biomass yield.  The highest fucoxanthin (0.50 ± 0.05 

mg L-1 d-1), EPA (1.25 ± 0.05 mg L-1 d-1), and protein (15.07 ± 0.33 mg L-1 d-1) productivities 

were observed with M2B1 which was significantly higher than all other treatments (p<0.05).  

The highest fucoxanthin (1.14 ± 0.12 % DW), EPA (2.87 ± 0.10 % DW), protein (34.62 ± 0.70 

% DW), and chlorophyll a content (1.17 ± 0.16 % DW) was observed with M2B1. 

As M2B1 resulted in a reasonably high cell density along with a higher product yield 

of fucoxanthin, EPA, and protein it was further compared with a variety of commercial 

powdered media under non-sterile conditions to select the optimal economical medium for 

investigation in the airlift PBR under indoor and outdoor conditions. 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

Figure S3.7 - Effect of FloraMicroBloom formulations compared with f/2 medium for growth; a) cell 
count; b) µmax and analysis after 7 d cultivation; c) dry weight (DW), d) chlorophyll a, EPA, 
fucoxanthin, e) FAME, protein, carbohydrate (% DW) and f) fatty acid composition (%)  
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Table S3.8 – FloraMicroBloom hydroponics pre-screening composition.  

  FloraMicroBloom 

mM f/2 M1B1 M1B2 M1B5 M2B1 M2B2 M2B5 

Total N 0.88 3.57 0.36 3.57 7.14 7.14 7.14 

Phosphate 0.04 0.35 0.71 1.77 0.35 0.71 1.77 

Sodium 0.93 - - - - - - 

Potassium  - 0.56 0.86 2.26 0.70 1.13 2.40 

Magnesium - 1.23 2.47 6.17 1.23 2.47 6.17 

Sulfur 0.12 1.56 3.12 7.80 1.56 3.12 7.80 

Calcium - 1.75 0.17 1.75 3.49 3.49 3.49 

Bicarbonate - - - - - - - 

µM f/2 M1B1 M1B2 M1B5 M2B1 M2B2 M2B5 

Copper 0.04 1.57 0.16 1.57 3.15 3.15 3.15 

Cobalt 0.08 - - - - - - 

Iron 11.65 21.49 2.15 21.49 42.98 42.98 42.98 

Manganese 0.91 7.28 0.73 7.28 14.56 14.56 14.56 

Molybdenum 0.02 0.42 0.04 0.42 0.83 0.83 0.83 

Zinc 0.08 2.29 0.23 2.29 4.59 4.59 4.59 

Boron - 9.25 0.92 9.25 18.50 18.50 18.50 

mg L-1 f/2 M1B1 M1B2 M1B5 M2B1 M2B2 M2B5 

Vitamin B12 

(cyanocobalamin) 

0.03 0.03 0.03 0.03 0.03 0.03 0.03 

Vitamin B1 (Thiamine HCl) 0.10 0.10 0.10 0.10 0.10 0.10 0.10 

Vitamin H (Biotin) 0.03 0.03 0.03 0.03 0.03 0.03 0.03  
f/2 M1B1 M1B2 M1B5 M2B1 M2B2 M2B5 

N/P ratio 24.50 10.20 0.51 2.02 20.40 10.06 4.03 
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S3.9 - Dissolved inorganic nitrate (DIN) and dissolved inorganic phosphate analysis (DIP) 

The culture was centrifuged at 4000 rpm for 10 mins, the supernatant was removed, 

filtered through a 0.22 µm filter, and stored frozen at −20 °C until further analysis of the 

medium for nutrient composition.  Dissolved inorganic nitrogen (DIN) in the media was 

determined by measuring the absorbance at 220 nm as described in Collos et al. (1999).  Instant 

ocean (33 g L-1) was used as a blank.  A standard curve was made using sodium nitrate from 

0-500 µM). 

Dissolved Inorganic Phosphate (DIP) in the media was determined following Strickland 

and Parsons (1968).  To 50 mL 1.5 g ammonium molybdate tetrahydrate was dissolved.  To 90 

mL deionized water, 14 ml sulphuric acid was added.  To 5 ml deionized water 0.27 g ascorbic 

acid was added.  In 250 ml of deionized water 0.34 g potassium antimonyl tartrate trihydrate 

was added.  Mixed reagent was made with ammonium molybdate: sulphuric acid: ascorbic 

acid: potassium antimonyl tartrate trihydrate solution (1:2.5:1:0.5).  To 1 ml of sample 0.1 ml 

of mixed reagent was added.  A spectrophotometric reading was taken at 885 nm after 15 mins 

(longer times did not result in significantly different values, data not shown).  A standard curve 

was made using sodium dihydrogen phosphate dihydrate (0-20 µM).   

a) 

 
b) 

 

 Figure S3.10 – a) DIN standard curve and b) DIP standard curve 
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S3.11 - Dissolved inorganic carbon (DIC) analysis of outdoor culture 

 

Another 5 ml of culture from the indoor and outdoor PBR was centrifuged at 4000 rpm 

for 10 mins, and the supernatant was removed, filtered through a 0.22 µm filter, and stored 

frozen at −20 °C.  Within one month the sample was analysed for DIC.  The back-titration 

procedure was conducted according to Chen et al. (2016).  The sample was defrosted, 

transferred to a 20 mL glass beaker, and weighed using a PA 214 precision balance (Ohaus 

Pioneer, UK).  The pH (FE20 FiveEasy, Mettler Toledo), temperature (RC-4 temperature 

logger (Ellitech, UK) and conductivity (HI 98304, HANNA) were measured.  The pH of the 

supernatant was reduced to pH 7 (pH of bicarbonate) with 0.1 M HCl.  The sample was 

subsequently subjected to two titrations in tandem.  In the first titration the pH was reduced to 

around pH 3.5 with 0.1 M (or 0.5 M) HCl and this amount was recorded for calculating total 

alkalinity.  The sample was then aerated with N2 to remove the acidified CO2 and recovered to 

the pH of bicarbonate by a second titration with the addition of 0.1 M NaOH (or 0.5 M).  The 

concentration of NaOH added was used to calculate the non-carbonate species.   

 

S3.12 - Biochemical composition (chlorophyll a, protein, carbohydrate) 

 

Extraction 

Combined extraction of carbohydrate, proteins, and chlorophyll a was carried out 

according to Chen and Vaidyanathan (2013) with slight modification.  The dry microalgal 

samples were extracted using 24.3 μL Phosphate buffer (pH 7.4), 1.8 mL of 25% methanol in 

1M NaOH and glass beads in 2 mL Safe lock Eppendorf tubes.  The tubes were covered with 

aluminium foil and bead beaten for 10 mins (3 cycles, 2 minutes cool down time) using the 

Disruptor Genie®. 

Carbohydrate 

After the extraction process two aliquots of 200 μL of extract were transferred to 2 mL 

PTFE capped glass vials and analysed for carbohydrate.  One vial was used as a control and 

the other as a sample.  Standards of D-glucose (Sigma Aldrich, UK) in deionised water were 

prepared at the following concentrations: 400, 200, 100, 80, 60, 40, 20, 0 mg mL-1 in 2 mL 

Eppendorf tubes.  From each standard, two aliquots of 200 μL were removed and placed in 2 

mL PTFE capped glass vials.  To the control sample, 1.2 mL pre-chilled 75% H2SO4 was added 

and for the sample, 0.4 mL of pre-chilled 75% H2SO4 plus 0.8 mL of freshly prepared Anthrone 
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reagent.  The samples, standards and controls were incubated at 100°C for 15 minutes.  

Absorbance measurements were taken at 578 nm.   

Chlorophyll a 

The remainder of the extracts were saponified.  The extracts were placed in 4 mL PTFE 

vials and incubated for 30 mins at 100°C.  The vials were inverted four times and 0.7 mL of 

sample was removed and used for chlorophyll a quantification.  The remaining saponified 

samples were transferred to 2 mL Eppendorfs and stored at -20°C for protein analysis.  To the 

0.7 mL of saponified extract, 1.05 mL of chloroform:methanol (2:1) was added.  The samples 

were vortexed and centrifuged at 13,000 rpm for 10 mins.  For chlorophyll analysis the 

resulting top layer (methanol fraction) was analysed in a quartz cuvette at 416 nm, 453 nm and 

750 nm using methanol as a blank.  The following equation was used to calculate the 

chlorophyll a concentration: 

 

Chl a (μg/mL)  =  6.4 ∗  A416 –  0.79 ∗  A453 

Protein 

The remaining saponified samples stored in the freezer were centrifuged at 13,000 rpm 

for 10 mins.  A BCA Protein Assay kit (cat. no. 23225, PierceTM, UK) was used to quantity the 

protein content.  The BCA kit consisted of Reagent A and Reagent B (a copper solution).  Using 

a 96-well plate, 25 μL was pipetted.   As in the carbohydrate assay, one well, then acted as a 

control (200 μL of Reagent A added) and the other as sample (Reagent B).  The plate was 

incubated for 30 mins at 37°C.  Readings were taken with the plate reader facility on the 

SPECTROstar Nano spectrophotometer (BMG LABTCH, Germany), at 562nm.  BSA 

standards; 2, 1.5, 1, 0.75, 0.5, 0.25, 0.125 and 0 in 25% methanol in 1 M NaOH were prepared 

and analysed using the kit. 

 

 

 

 



 

210 | P a g e  
 

a) 

 

b) 

 

c) 

 

Figure S3.13 – a) setup of biochemical assay, b) typical protein standard curve with bovine serum 

albumin (BSA) and c) typical carbohydrate standard curve 
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S3.14 – fatty acid analysis and EPA determination using direct transesterification 

 

All chemicals used were of HPLC grade (Sigma-Aldrich, UK) unless otherwise stated.  

A modified version of Kapoore et al. (2019) was used for FAME direct transesterification.  To 

the dry biomass in 2 mL Eppendorfs (and wet biomass of the bacteria and biofilm), 300 μL of 

toluene and 250 µL of pentadecanoic acid (C15:0) internal standard dissolved in chloroform at 

0.33 mM (equivalent to 1.52 µM per sample) were added, along with acid washed glass beads 

(425-600 µm i.d) (Sigma Aldrich, UK) and the samples were vortexed for 1 min.  Then 300 µL 

of 0.5 M sodium methoxide was added and vortexed for 1 min.  The mixture was then 

transferred to 2 mL glass vials with polytetrafluoroethene (PTFE) caps (cat. no. 27134, 

Supelco, Sigma Aldrich, UK) and incubated at 80 °C for 20 min in a dual block dry bath heating 

system (Starlab, UK).  After cooling to room temperature, 300 µL of 7% HCl in methanol was 

added and the mixture incubated at 80 °C for 20 min.  After cooling to room temperature, the 

mixture was transferred to a 2 mL Eppendorf tube containing 300 µL water and 600 µL of 

hexane.  The resulting biphasic mixture was vortexed for 1 min and centrifuged at 13,000 

rpm at 4 °C for 10 mins to facilitate phase separation.  The top organic phase was transferred 

to a fresh 2 mL Eppendorf tube and evaporated to dryness under inert nitrogen gas using a 

Multivap (Sigma Aldrich, UK).  The samples were then frozen at -20°C before use.  The dried 

fatty acid methyl esters (FAMEs) were reconstituted in 80 μL toluene and centrifuged for 2 

mins at 13,000 rpm prior to identification and quantification.   

To a polypropylene injection vial (12 x 32 mm. crimp seal and snap ring cap 11 mm, 

Chromatography Direct, UK) 30 µL of the toluene-FAMEs mixture was added.  The prepared 

FAMEs were identified and quantified using a Thermo Finnigan TRACE 1300 GC-FID system 

(Thermo, Hertfordshire, UK) onto a TR-FAME capillary column (25 m x 0.32 mm x 0.25 µm) 

with helium as a carrier gas.  The derivatisation sample volume of 1 µl was injected in split 

injection mode at 250°C.  The split flow was 75 mL min-1 and purge flow was 5 mL min-1.  The 

GC was operated at a constant flow of 1.5 ml min-1 helium.  The temperature program was 

started at 150°C for 1 min, followed by temperature ramping at 10°C min-1 to a final 

temperature of 250°C and held at 250°C for 1 min.  The total analysis time was 12 minutes 

with detector temperature at 250°C.  The retention time and identity of each FAME peak was 

calibrated using the Supelco 37 component FAME mix (Sigma Aldrich, UK).   
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S3.15 – fucoxanthin analysis by spectrophotometry 

 

Five mL of culture was centrifuged (13,000 rpm, 5 mins), washed with 10 mL of 

deionised water, and the supernatant discarded.  The cells were re-suspended in an equal 

volume of HPLC grade ethanol, incubated at 45°C for 20 mins and left to stand for 2 h 

(vortexing every 30 mins).  Subsequent to extraction, the mixture was centrifuged (4000 rpm, 

10 min) and the supernatant analysed for pigment analysis using a quartz cuvette.  Samples 

were protected from light by using foil and the lights were turned off.  The A445 and A663 values 

were detected after dilution with HPLC grade ethanol (A445 and A663 range from 0.2 to 1) and 

fucoxanthin was calculated using the following formula as described by Wang et al. (2018): 

 

𝐹𝑢𝑐𝑜𝑥𝑎𝑛𝑡ℎ𝑖𝑛 (𝑚𝑔 𝐿 − 1) = 6.39 𝑥 𝐴445 − 5.18 𝑥 𝐴663 + 0.312 𝑥 𝐴750 − 5.27 

 

S3.16 - Scanning electron micrograph imaging of biofilm 

The scanning electron micrograph (SEM) image was prepared as follows.  The biofilm 

was spread evenly on a glass slide and allowed to dry in a laminar flow.  The slides were then 

placed in a petri dish (roughly requiring 25 ml for each plate for washing).  Stages proceeded 

in the laminar flow.  Specimens were fixed in 3% Glutaraldehyde (G7776 – 10 ml) in 0.1M 

Sodium Phosphate overnight.  Specimens were washed twice (0.1M phosphate buffer) with 10 

min intervals at 4°C.  The cells were post-fixed in a 1% aqueous osmium tetroxide solution for 

1 hour at room temperature.  The fixated cells were rinsed and dehydrated at room temperature 

through a graded series of ethanol: 75, 95, 100 and 100 % ethanol for 15 mins, followed by a 

final dehydration step with 100% ethanol for 15 mins.  The samples were then lyophilized   

mounted on aluminium stubs, attached with Carbon Sticky Tabs, and coated with 

approximately 25 nm of gold in an Edwards S150B sputter coater.  Fixed cells were examined 

using a JSM-6010LA InTouchScopeTM Multiple Touch Scanning Electron Microscope (JEOL 

Ltd., Japan) at an accelerating voltage of 15Kv. 
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Table S3.17 – Media cost calculations 

 

 

 

1. Prices of media were based on Sigma Aldrich and commercial media tested were used from 

Sigma Aldrich 

2. For laboratory mixing a IKA C-MAG HS4 mixer was assumed at 0.27 KW 

3. For mixing in the 1 m3 tank a Synera ADV 5.5 Water Pump was assumed at 0.05 KW 

4. The electricity cost assumed was US $0.186/KWh based on the average UK electricity 

price (https://www.ukpower.co.uk/home_energy/tariffs-per-unit-kwh) 

5. The labour cost was assumed to be for a technician employed in the UK at US $32,250 and 

assuming a 40 hour working week (US $15.50/h) 

6. The conversion factor for £s to US $ was 1.29 

7. For the saltwater species it is assumed the facility would be located next to the ocean and 

seawater would be free 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Medium

Price (US $/m
3
) 

media

Mixing time 

laboratory (h)

Mixing time 1 m
3 

tank (h)

Media preparation 

time (h)

Price (US $/m3) 

labour/mixing/media

Relative cost - 

labour/mixing/media

Commercial f/2 1230.66 0 1 1 1246.17 100

Laboratory f/2 7.6 2 2 4 69.62 5.58

Commercial BBM 1127.46 0 1 1 1142.97 91.72

Laboratory BBM 78.73 2 2 4 140.87 11.3

Cell-Hi F2P powder 0.33 0 1.5 1.5 23.6 1.89

Cell Hi-JW powder 6.94 0 1.5 1.5 30.21 2.42

Cell Hi-HP powder 3.82 0 1.5 1.5 27.09 2.17

Cell-HI WP powder 5.73 0 1.5 1.5 29 2.33

https://www.ukpower.co.uk/home_energy/tariffs-per-unit-kwh
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Table S3.18 Laboratory f/2 formulation and cost  

 

 

 

Medium formulation obtained from: https://www.ccap.ac.uk/media/documents/f2.pdf 

Cost determined from Sigma Aldrich, UK 

 

 

 

S3.19 Bacteria sequences 

Bacteria isolate 1 – Halomonas sp. 

>KC354707.1:73-1126 Halomonas neptunia strain MAT-17 16S ribosomal RNA gene, partial 
sequenceAGCTTGCTAGATGCTGACGAGCGGCGGACGGGTGAGTAATGCATAGGAATCTGCCC
GGTAGTGGGGGATAACCTGGGGAAACCCAGGCTAATACCGCATACGTCCTACGGGAGAAAG
GGGGCTCCGGCTCCCGCTATTGGATGAGCCTATGTCGGATTAGCTAGTTGGTGAGGTAATGG
CTCACCAAGGCAACGATCCGTAGCTGGTCTGAGAGGATGATCAGCCACATCGGGACTGAGA
CACGGCCCGAACTCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGGGCAACCCTG
ATCCAGCCATGCCGCGTGTGTGAAGAAGGCCCTCGGGTTGTAAAGCACTTTCAGCGAGGAA
GAACGCCTAGTGGTTAATACCCATTAGGAAAGACATCACTCGCAGAAGAAGCACCGGCTAAC
TCCGTGCCAGCAGCCGCGGTAATACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTA
AAGCGCGCGTAGGTGGCTTGATAAGCCGGTTGTGAAAGCCCCGGGCTCAACCTGGGAACGG
CATCCGGAACTGTCAGGCTAGAGTGCAGGAGAGGAAGGTAGAATTCCCGGTGTAGCGGTGA
AATGCGTAGAGATCGGGAGGAATACCAGTGGCGAAGGCGGCCTTCTGGACTGACACTGACA
CTGAGGTGCGAAAGCGTGGGTAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAA
CGATGTCGACCAGCCGTTGGGTGCCTAGAGCACTTTGTGGCGAAGTTAACGCGATAAGTCGA
CCGCCTGGGGAGTACGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAG
CGGTGGAGCATGTGGTTTAATTCGATGCAACGCGAAGAACCTTACCTACCCTTGACATCTAC
AGAAGCCGGAAGAGATTCTGGTGTGCCTTCGGGAACTGTAAGACAGGTGCTGCATGGCTGT
CGTCAGCTCGTGTTGTGAAATGTTGGGTTAAGTCCCGTAACGAGCGCAACCCTTGTCCTTAT
TTGCCAGCACGTAATGG  

Compound mM Final amount (mg/L) Final amount (g/L) Cost (£'s per m3)

NaNO3 0.88 75 0.08 3.84

NaH2PO4 2H2O 0.04 5.65 0.01 0.73

µM

Na2EDTA 0.01 4.16 0 0.59

FeCL3 6H2O 0.01 3.15 0 0.51

CuSO4 5H2O 0 0.01 0 0

ZnSO4 7H2O 0 0.02 0 0

CoCl2 6H2O 0 0.01 0 0.01

MnCl2 4H2O 0 0.18 0 0.04

Na2MoO4 2H2O 0 0.01 0 0

Cyanocobalamin (B12) 0 0 0 0.03

Thiamine HCl (B1) 0 0.1 0 0.04

Biotin (H) 0 0 0 0.02

Total cost 0 5.8

https://www.ccap.ac.uk/media/documents/f2.pdf
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Bacteria isolate 2 – Marinobacter sp. 

>JQ286003.1:24-1099 Marinobacter alkaliphilus strain SYNH ARB 16S ribosomal RNA gene, partial 
sequenceAGGTGCTTGCACCCCGCTGACGAGCGGCGGACGGGTGAGTAATGCTTAGGAATCTG
CCCAGTAGTGGGGGATAGCCCGGGGAAACCCGGATTAATACCGCATACGTCCTACGGGAGA
AAGCAGGGGATCTTCGGACCTTGCGCTACTGGATGAGCCTAAGTCGGATTAGCTAGTTGGTG
GGGTAAAGGCCTACCAAGGCGACGATCCGTAGCTGGTCTGAGAGGATGATCAGCCACATCG
GGACTGAGACACGGCCCGAACTCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGG
GCAACCCTGATCCAGCCATGCCGCGTGTGTGAAGAAGGCTTTCGGGTTGTAAAGCACTTTCA
GCGAGGAGGAAGGCCTTAAAGTTAATACCTTTGAGGATTGACGTTACTCGCAGAAGAAGCAC
CGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGTGCAAGCGTTAATCGGAATTAC
TGGGCGTAAAGCGCGCGTAGGTGGTTAGGTAAGCGAGATGTGAAAGCCCCGGGCTTAACCT
GGGAACGGCATTTCGAACTGTCTGACTAGAGTGTGGTAGAGGGTAGTGGAATTTCCTGTGTA
GCGGTGAAATGCGTAGATATAGGAAGGAACACCAGTGGCGAAGGCGGCTACCTGGACCAAC
ACTGACACTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACG
CCGTAAACGATGTCAACTAGCCGTTGGGACTCTTGAAGTCTTAGTGGCGCAGCTAACGCACT
AAGTTGACCGCCTGGGGAGTACGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCC
GCACAAGCGGTGGAGCATGTGGTTTAATTCGACGCAACGCGAAGAACCTTACCTGGCCTTGA
CATCCAGAGAACTTTCCAGAGATGGATTGGTGCCTTCGGGAACTCTGAGACAGGTGCTGCAT
GGCCGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGTAACGAGCGCAACCCCTAT
CCCTGGTTGCTAGCAGGTAATGCTGAGAACTCCAGG  
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Bacteria isolate 3 – Algoriphagus sp. 

>MK583623.1:171-995 Algoriphagus marincola strain NBP 16S ribosomal RNA gene, partial 
sequenceTGATTAGCTAGTTGGTGGGGTAACGGCCCACCAAGGCGACGATCAGTAGGGGTTCT
GAGAGGAAGGTCCCCCACACTGGCACTGAGATACGGGCCAGACTCCTACGGGAGGCAGCAG
TAGGGAATATTGGGCAATGGACGAGAGTCTGACCCAGCCATGCCGCGTGCAGGAAGACGGC
CTATTGGGTTGTAAACTGCTTTTATACGGGAAGAAAAGGCCCATGCGTGGGACATTGCCGGT
ACCGTATGAATAAGCACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGTGCAA
GCGTTGTCCGGATTTATTGGGTTTAAAGGGTGCGTAGGCGGCTGATTAAGTCAGCGGTGAAA
GACTCCGGCTCAACCGGAGCAGTGCCGTTGATACTGGTTGGCTTGAGTGCTGCAGGGGTAC
ATGGAATTGATGGTGTAGCGGTGAAATGCATAGATACCATCAGGAACACCGATAGCGAAGG
CATTGTACTGGGCAGCAACTGACGCTGATGCACGAAAGCGTGGGGAGCGAACAGGATTAGA
TACCCTGGTAGTCCACGCCGTAAACGATGATTACTCGCTGTTATGCCTTTAGGTGTAGCGGC
CAAGCGAAAGCGTTAAGTAATCCACCTGGGGAGTACGCCGGCAACGGTGAAACTCAAAGGA
ATTGACGGGGGTCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGATGATACGCGAGGAAC
CTTACCTGGGCTAGAATGTGAAGGAATGATTTGGAGACAGATCAGTCAGCAATGACCTGAAA
CAAGGTGCTGCATGGCTGTCGTCAGCTCGTGCC  

 

 

 

 

 

 

S3.20 Reactor design 

 

Conventionally horizontal tubular bioreactors have been selected in the past due to their 

high volumetric productivity, but the merits of vertical tubular split cylinder bioreactors have 

been showcased with having a higher areal productivity, relatively cheap to construct, easy to 

operate and maintain and scalable (0.01-100 m3) (Fernández Sevilla et al., 2004; Lizzul, 2016).  

Tubular systems have been the most widely developed of the commercialized systems with 

global suppliers such as Varicon Aqua Solutions and Lgem having constructed and deployed 

numerous systems for both commercial and academic applications.  Tubular configurations are 
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favourable over plate configurations as they have higher liquid velocities, they are easier to 

disassemble and clean, and the modular nature of the tubes allows for easy replacement 

(McDonald, 2013; Lizzul, 2016). Vertical systems are often mixed pneumatically, which 

allows for superior mass transfer compared with conventional liquid pumps in horizontal 

systems (Lizzul, 2016).  Vertically arranged reactors have the benefit of providing greater 

strength to the reactor than horizontal configurations and thus require less supporting 

framework which can reduce the capital expenditure (CAPEX) involved (Lizzul, 2016). 

A simple vertical airlift reactor arrangement was constructed (ALR) based on Lizzul 

(2016) which is a simple modular design (capable of being arranged in linear arrays) and could 

be extended for higher production volumes, allowing for high mass transfers, rapid-de gassing, 

and a reduction in material costs compared to horizontal systems.  There are no mechanical 

parts internally ensuring lower levels of equipment ‘wear and tear’ and fouling, and the 

constant tube diameter reduces shear (Lizzul, 2016).  The design is considered a hybrid reactor 

and is able to operate under bubble column and airlift mixing regimes (Lizzul, 2016).  In the 

airlift operational mode, adjacent columns form alternating riser and downcomer columns, 

mixing in the form of an external loop airlift column, with the top horizontal manifold being 

the degasser zone.  The planar arrangement of the system allows for the PBR to be angled 

towards the sun and maximises solar penetration.  For a sustainable, resilient and economical 

design, durable materials were chosen (standard pipe fittings from PVC) and the manifold 

sections had internal diameter of 63 mm and were glued with PVC cement.  The photo-

collecting tubes had walls of 3 mm thickness and were made from borosilicate glass (Schott, 

Germany) (lower UV damage than PVC tubing and lower rates of fouling), giving a total outer 

diameter (OD) of 54 mm.  This tube diameter allowed for a trade-off between high solar 

penetration and maintaining a reasonable areal volume.  The total height of each riser and 

downcomer was 1.4 m with each vertical solar collecting region 1.25 m in length and the total 

area occupied was 0.18 m2.  A ¼ bsp brass fitting was threader to the riser section at the base 

for introducing mixing air and a sampling port was introduced on the downcomer side.  The 

final working volume of the system was 8 L.  A flow rate of 0.625 vvm was chosen because 

higher values result in a plateau of gas hold-up and liquid velocity which results in energy loss 

(Hernández-Melchor et al., 2017).  It was theorised at higher mixing rates that there would be 

poor gas disengagement and the higher liquid velocity would draw more air back into the 

downcomer.   
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S3.21 Relationships in outdoor cultivation  

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

g) 

 

h) 

 

i) 

 

j) 

 

Figure S3.22 – Relationship between a) temperature and TFA, b) temperature and fucoxanthin, c) 
temperature and protein, d) temperature and carbohydrate, e) light and TFA, f) light and EPA, g) light 
and fucoxanthin, h) light and protein, i) light and carbohydrate, j) light and yield on light 
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a) 

 

b) 

 

c) 

 

Figure S3.23 – Fatty acid composition of P. tricornutum; a) indoor cultivation, b) outdoor run 1 and c) 
outdoor run 2  
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Appendix B 
 

This section contains supplementary figures, tables that resulted from Chapter 4 of this work. 

 

Supplementary files 
 

Calibration curves between OD, cell count and DW 

 

a) 

 

b) 

 

c) 

 

Figure S4.1 - Correlation between a) OD 750 nm and cell count, b) cell count and dry weight (DW), c) 

OD 750 nm and DW 
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Effect of vitamins and Tris-HCl on growth  

a) 

 

b) 

 

c) 

 

Figure S4.2 - a) Effect of vitamins on P. tricornutum growth; effect of Tris-HCl on P. tricornutum a) 
growth, b) pH.  
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Table S4.3 - Elemental composition of f/2 media modifications  

 

 

 

 

 

Table S4.4. f/2 medium modification cost (£ per m3) 

 

f/2 2 x f/2 NP 5 x f/2 NP 10 x f/2 NP 

7.49 13.38 31.06 60.53 

 

  

f/2 2 x f/2 NP 5 x f/2 NP 10 x f/2 NP 2 x f/2 5 x f/2 10 x f/2

mM

NO3
- 0.88 1.76 4.41 8.82 1.76 4.41 8.82

PO4
3- 0.04 0.07 0.18 0.36 0.07 0.18 0.36

Cl- 513.01 513.01 513.01 513.01 513.01 513.01 513.01

Na+ 442.11 442.11 442.11 442.11 443.04 445.83 450.48

Mg2+ 51.21 51.21 51.21 51.21 51.21 51.21 51.21

K+ 10.13 10.13 10.13 10.13 10.13 10.13 10.13

Ca
2+

9.41 9.41 9.41 9.41 9.41 9.41 9.41

HCO3
-

3.09 3.09 3.09 3.09 3.09 3.09 3.09

µM

Fe 11.65 11.65 11.65 11.65 23.31 58.27 116.54

Cu 0.04 0.04 0.04 0.04 0.08 0.2 0.4

Zn 0.08 0.08 0.08 0.08 0.15 0.38 0.77

Co 0.08 0.08 0.08 0.08 0.15 0.39 0.77

Mn 0.91 0.91 0.91 0.91 1.82 4.55 9.1

Mo 0.02 0.02 0.02 0.02 0.05 0.12 0.25

N/P 24.37

EC 60.92 mS
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S4.5 - Elemental composition analysis  

 

Ten mg of vanadium pentoxide (V2O5) was added to a tin capsule pressed (light) (CE 

Instruments, UK) which acted as a catalyst for complete conversion of inorganic sulphur in the 

sample to sulphur dioxide.  Then 2.5-5 mg of 2,5-Bis (5-tert-butyl-benzoxazol-2-yl) thiophene 

(BBOT) standard reference material or microalgal sample was added and this weight was noted 

using a Sartorius precision weighing microbalance CPA2P (Fisher Scientific, UK) at a 

precision of 0.001 mg.   The tin capsules were folded to ensure no powder escaped before being 

placed inside the MAS 200R auto sampler (Thermo Scientific, UK) for combustion using a 

Flash 2000 CHNS Elemental Analyser (Thermo Scientific, UK).   

The BBOT standard gave the calibration reference of 72.53% carbon, 6.09% Hydrogen, 

6.51% Nitrogen and 7.44% Sulphur.  When the tin crucible with sample is dropped into the 

furnace, it is combusted at 900°C and the oxygen environment triggers a strong exothermic 

reaction.  The tin aids the combustion process by increasing the local temperature to 1800°C.  

The combustion gases pass through a reaction tube inside the instrument containing copper (II) 

oxide and electrolytic copper which reduces the gases such as nitrogen oxide and sulphur 

trioxide to a gas mixture containing N2, CO2, H2O, and SO2.  These four compounds are then 

separated by the gas chromatography column and then passed through a Thermal Conductivity 

Detector (TCD) to give N, C, H and S. Helium was used as a carrier gas to transport all the 

combustion gases through the system and high-purity oxygen was used to aid the combustion 

process.  Initially a blank tin capsule was run to ensure no peaks formed, followed by two 

BBOT standards and then two BBOT standards run as unknowns to confirm the identity and 

then every 24 samples this was repeated.  For the samples biological triplicates were used.   
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S4.6 - Effect of different kelvin lights 

 

 

Figure S4.7 – Effect of fluorescent bulbs and white LEDs on growth of P. tricornutum. 

 

S4.8 - Effect of sodium bicarbonate on pH when buffered with Tris-HCl 

 

 

Figure S4.9 – Effect of sodium bicarbonate on pH compared with control (no sodium bicarbonate). 
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S4.10 - Fatty acid method development 

 

Effect of direct transesterification method 

A variety of solvents (e.g. hexane, chloroform: methanol and methanol) have been used 

for lipid extraction using dry and wet methods with hexane commonly used due to its efficacy 

of neutral lipid extraction, cost (threefold cheaper than other non-polar solvents) and ability to 

be reused (up to 95 % solvent recovery) (Kapoore et al., 2018).  The lipid content is then 

quantified by gravimetric analysis but this is an inaccurate method and is often an overestimate 

due to the presence of non-lipid components such as pigments and proteins and no internal 

standard is used to account for error in weight and volume measurements (Kapoore, 2014). 

Direct transesterification can be used where extraction and transesterification are used 

in a single step which minimises solvent use (Kapoore et al., 2018).  The issue with 

transesterification is that it requires large volumes of methanol with an acid and base and 

operates under high temperature (Kapoore et al., 2018).  Methanol is readily available at a 

relatively low price and has been extensively used as an alcohol for transesterification at 

commercial scale worldwide where triglycerides are transesterified to fatty acid methyl esters 

(FAMEs) (Reddy et al., 2014).  However, methanol is mainly produced from petroleum-

derived sources and has toxic properties.  Replacing methanol with ethanol results in a more 

sustainable and renewable process as it can be produced exclusively from renewable sources 

(García et al., 2011).  In addition fatty acid ethyl esters (FAEE) are superior to fatty acid methyl 

esters in terms of fuel properties (including cetane number, cold flow properties and oxidation 

stability (Reddy et al., 2014).   

The main challenges of acid catalysis compared to base catalysis is that the reaction is 

4000 times slower, higher molar ratios of alcohol to oil are required, higher temperatures are 

employed (60-90°C) and longer reaction times are required (Kapoore, 2014).  Common acid 

catalysts are methanolic-HCl, sulphuric acid and boron trifluoride (Kapoore, 2014).  

Homogenous alkaline catalysts are the most commonly used route for biodiesel production due 

to the ability to operate at low temperature/atmospheric pressure, lower cost, less corrosive 

nature and higher biodiesel conversion efficiency (Kapoore, 2014; Yacob et al., 1998).   

 

Fatty acid methyl ester (FAME) and fatty acid ethyl ester (FAEE) determination 

P. tricornutum was cultivated in 250 ml flasks in triplicate with 150 ml f/2 medium for 

7 d at 21°C, 125 µmol photons/m2/s continuous light (2700 k) with shaking at 120 rpm.  The 

samples were then pooled and used for fatty acid analysis. 
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Direct transesterification of wet microalgal biomass 

Aliquots of 5 mL of algal culture were harvested by centrifugation at 4000 rpm for 10 

mins, the pellets washed with 0.01 M phosphate buffered saline (PBS) and transferred to 2 mL 

Eppendorf safe-lock tubes, centrifuged at 13,000 rpm for 5 mins and stored at − 20°C for 

analysis.  15 ml aliquots ~1 x 107 cells ml-1 were passed through an OS Cell Disrupter (Constant 

Systems Ltd., UK) (flow rate 5 mL min-1) at 15,000, 20,000 and 25,000 psi.  The machine was 

pre-washed with runs of 200 mL deionised water-100 % ethanol-deionised water (200 mL 

each).  The samples were then lysed, collected on ice and centrifuged and stored as above to 

observe the effect of cell disruption through homogenisation compared with bead beating. 

A modified version of Kapoore et al. (2014) was used to look at the effect of FAME 

direct transesterification using acid and base catalysts.  All chemicals used were of HPLC grade 

(Sigma-Aldrich, UK) unless otherwise stated.   

 

Table S4.11 - Effect of acid and base catalysts on direct transesterification of wet 
microalgal biomass 

 

1) Base catalyst only (0.5 M sodium methoxide) 

2) Acid catalyst only (7 % ethanolic-HCl) 

3) Base (0.5 M sodium methoxide) and acid (10 % boron trifluoride)  

catalyst 

4) Base (0.5 M sodium methoxide) and acid (7 % ethanolic-HCl) catalyst 

5) Base (0.5 M sodium methoxide) and acid (7 % methanolic-HCl)  

catalyst 

6) Base (0.5 M sodium methoxide) and acid (5 % acetyl chloride) catalyst 

 

To the frozen wet pellets 300 μL of toluene, 300 µL of 0.5 M sodium methoxide (or 

ethanolic-HCl in the case of the base catalyst only treatment), and 200 µL of tripentadecanoin 

(C15:0 TAG) internal standard dissolved in chloroform at 100 mg/L (equivalent to 20 µg per 

sample) were added.  The mixture was then transferred to 2 mL glass vials with 

polytetrafluoroethene (PTFE) caps (cat. no. 27134, Supelco, Sigma Aldrich, UK) and 

incubated at 80 °C for 20 min in a dual block dry bath heating system (Starlab, UK).  After 
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cooling to room temperature, 300 µL of acid catalyst (7% HCl in methanol, 7 % HCl in ethanol, 

5 % acetyl chloride in methanol, 10 % boron trifluoride or methanol for base catalyst only) was 

added and the mixture incubated at 80 °C for 20 min.  After cooling to room temperature, the 

mixture was transferred to a 2 mL Eppendorf tube containing 300 µL water and 600 µL of 

hexane.  The resulting biphasic mixture was vortexed for 1 min and centrifuged at 13,000 

rpm at 4 °C for 10 mins to facilitate phase separation.  The top organic phase was transferred 

to a fresh 2 mL Eppendorf tube and evaporated to dryness under inert nitrogen gas using a 

Multivap (Sigma Aldrich, UK).  The samples were then frozen at -20°C before use.  The dried 

fatty acid methyl esters (FAMEs) were reconstituted in 80 μL toluene and centrifuged for 2 

mins at 13,000 rpm prior to identification and quantification.   

To a polypropylene injection vial (12 x 32 mm. crimp seal and snap ring cap 11 mm, 

Chromatography Direct, UK) 30 µL of the toluene-FAMEs mixture was added.  The prepared 

FAMEs were identified and quantified using a Thermo Finnigan TRACE 1300 GC-FID system 

(Thermo, Hertfordshire, UK) onto a TR-FAME capillary column (25 m x 0.32 mm x 0.25 µm) 

with helium as a carrier gas.  The derivatisation sample volume of 1 µl was injected in split 

injection mode at 250°C.  The split flow was 75 mL min-1 and purge flow was 5 mL min-1.  The 

GC was operated at a constant flow of 1.5 ml min-1 helium.  The temperature program was 

started at 150°C for 1 min, followed by temperature ramping at 10°C min-1 to a final 

temperature of 250°C and held at 250°C for 1 min.  The total analysis time was 12 minutes 

with detector temperature at 250°C.  The retention time and identity of each FAME peak was 

calibrated using the Supelco 37 component FAME mix and only direct hits of three samples 

were included (Sigma Aldrich, UK).   

 

Direct transesterification of wet vs dry microalgal biomass 

To a 2 mL Eppendorf, 1-2 mg dried biomass and acid washed glass beads (425-600 µm 

i.d) (Sigma Aldrich, UK) were added.  For the wet samples (5 ml aliquots) comparative dry 

weights were calculated.  The samples were centrifuged and washed as above and freeze dried 

using a CoolSafe freeze dryer (Labogene, Denmark). These pellets were weighted using a 5 

d.p. balance for subsequent data analysis (Sartorius, UK) and the FAME extraction method 

above was used using 7 % ethanolic-HCl as the acid catalyst. 

 

Effect of bead beating and mechanical cell disruption on direct transesterification of dry 

microalgal biomass 
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After the glass beads, toluene and sodium methoxide addition a bead beating step was 

introduced where the cells were disrupted using the Disrupter Genie® and fatty acid and EPA 

extraction was compared with homogenisation (Constant Systems) and no bead beating.  

Kapoore (2014) found that 5 cycles with a disruption time of 2 mins and 1 min was optimal for 

FAME extraction from C. reinhardtii and N. salina respectively and they were selected as tests 

in this study.  They were compared with 1 cycle of 5 mins and 10 mins to determine if 

disruption time was more important than cycle time.  After each disruption step the samples 

were placed on ice.  The mixture was then transferred to 2 mL glass vials and the FAME 

method followed as above using 7 % ethanolic-HCl as the acid catalyst.  Five cycles of 

disruption with 2 mins disruption, with an interval of 1 min on ice was determined to be optimal 

and was used for analysis in subsequent experiments. 

 

Fatty acid method development  

In this study sodium methoxide as a base catalyst and ethanolic HCl were tested as base 

catalyst alone and in combination.  Sodium methoxide as a base catalyst alone did not result in 

direct transesterification (Figure S4.5).  The possible reason behind no yield with the base 

catalyst alone could be the high free fatty acid content in P. tricornutum and a FFA content >3 

% can result in the formation of soap (Kapoore, 2014).  Thus, employing sodium methoxide as 

the only catalyst is not suitable for fatty acid production using direct transesterification.  Using 

7 % ethanolic-HCl alone as an acid catalyst resulted in poor transesterification to FAEE.  The 

best performing acid and base catalyst combination for FAME extraction was sodium 

methoxide and 7 % methanolic-HCl (83.55 mg L-1) followed by ethanolic-HCl (81.14 mg L-1) 

but there was no significant difference between the acid catalysts employed.  Sodium 

methoxide and ethanolic-HCl resulted in the highest extraction of EPA (20.13 mg/L) and thus 

due to its efficacy and safety profile was chosen for further development to compare wet and 

dry direct transesterification. 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

g) 

 

h) 

 

Figure S4.12 – Fatty acid method modification.  Effect of direct transesterification method (acid and 
base) on wet biomass for: a) TFA content (mg/L) and b) individual fatty acid content.  Sodium methoxide 
(SM), methanolic-HCl (MeOH-HCl), boron trifluoride (BF3), ethanolic-HCl (EtOH-HCl), acetyl 
chloride (AcCl).  Effect of direct transesterification method on wet and dry biomass; c) TFA, d) EPA 
content and e) FAMEs composition.  Effect of bead beating on f) FAEE, g) EPA content and h) FAEE 
composition. 
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Effect of lyophilising biomass compared with wet direct transesterification and the effect 

of cell disruption 

Lyophilisation is reported to have an adverse effect on the recovery of short chain SFAs 

(Kapoore, 2014) and therefore the effect of direct transesterification methods on fatty acid and 

EPA production was conducted on wet and dry samples.  Extraction of dry biomass resulted in 

a significantly higher TFA (9.23 % DW) and EPA (1.82 % DW) content (P<0.05).   

For microalgal cell disruption and fatty acid extraction many techniques have been 

tested including Soxhlet, microwave assisted extraction, homogenisation, mechanical cell 

presses, hydrothermal liquefaction and bead beating (Butler et al., 2020; Kapoore, 2014; 

Kapoore et al., 2018).  Amongst mechanical methods bead beading has been reported as the 

most effective cell disruption method in laboratories (Kapoore, 2014; Lee et al., 2010; 

Ryckebosch et al., 2012).  An optimal cycle time of 5 and disruption times of 2 mins and 1 min 

have been found for C. reinhardtii and N. salina respectively with a bead size of 0.5 mm 

determined as optimal and multiple samples can be processed simultaneously (>12) (Kapoore, 

2014).  Agitated beads are often used for large-scale application (Gong and Bassi, 2016).  Bead 

milling using the DYNO-Mill has also resulted in 97 % cell disintegration for the notoriously 

difficult algaenan containing Chlorella vulgaris at 25-145 g L-1 (Postma et al., 2015).  During 

bead beating care has to be considered for overheating which can result in product degradation 

(Lee et al., 2010).   

In this investigation bead beating was compared with cell disruption by an OS Cell 

Disrupter which resulted in 97.60-98.04 % cell disruption at 20,000-30,000 psi respectively 

(data not shown).  For bead beating it was determined that 2 mins cell disruption via bead 

beating with 5 cycles resulted in the highest FAEE content (12.85 % DW) and EPA content 

(2.54 % DW) compared to no bead beating (9.50 % and 1.80 % DW respectively) leading to a 

35 and 41 % increase in FAEE and EPA content respectively.  The other bead beating 

treatments with varied cycling and disruption times also resulted in higher FAEE and EPA 

contents compared to the control.  The FAEE profiles were similar with C16:0 (30.18-32.97 % 

FAEEs), C16:1 (35.55-38.34 % FAEEs) and EPA (18.97-21.07 % FAEEs) being predominant.  

As 2 mins bead beating with 5 cycles resulted in the highest FAEE and EPA content this 

method was adopted for culture optimisation studies. 

 

Effect of ethanol and methanol on chlorophyll a and fucoxanthin recovery 
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As with chlorophyll, fucoxanthin is a polar molecule and can be extracted with polar 

solvents such as methanol and ethanol.  However, ethanol resulted in a higher total recovery of 

fucoxanthin and chlorophyll a. 

 

 

a) 

 

b) 

 

c) 

 

Figure S4.13 – a) Maximum absorbance of fucoxanthin, b) retention times of pigments observed using 
UHPLC with fucoxanthin, antheraxanthin, chlorophyll a with retention times of 6.6, 10.4, and 25.5 
respectively, c) effect of solvent (methanol and ethanol) on pigment extraction; fucoxanthin, 
antheraxanthin and chlorophyll a. 
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Appendix C 
 

 

This section contains supplementary figures, tables that resulted from Chapter 6 of this 

work. 

 

Supplementary files 
 

 

S5.1.  Ionic composition of modified f/2 and Instant Ocean 

 

Table 5.2 - Concentrations of the main ions in the medium used to cultivate Phaeodactylum tricornutum 
CCAP 1055/1 (modified f/2 with 33 g L-1 Instant Ocean seawater). 

 

 

Synthetic 

seawater (mM) 

Cl- 513.0 

Na+ 442.1 

Mg2+ 51.2 

K+ 10.1 

Ca2+ 9.4 

HCO3
- 3.1 

Conductivity 

(mS cm-1) 13.9 
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S5.3.  Alkaline flocculation 

 

 

Figure 5.4 - Alkaline flocculation: the effect of biomass concentration (0.05-1.01 g/L DW) on the 
flocculation potential and concentration factor (CF) of sodium hydroxide (6.6 mM) after 10 mins 
harvesting.  Red dotted line shows 80 % harvesting efficiency line.  
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S5.5.  Testing the effect of the harvesting protocol on cell viability  

A culture at 5 x 106 cells mL-1, pH 7.5 (obtained as in section 2.5) was sedimented for 

30 mins.  The control had no flocculant addition and then aluminium sulphate, iron chloride 

and both Tanfloc 6025 and 8025 were tested at 20 mg L-1 and sodium hydroxide at 6.6 mM 

(264 mg L-1) (tested in triplicate).  For determining the effect on the photosynthetic apparatus, 

the quantum yield was determined, and 1 ml of culture was used directly.  Pulse amplitude 

modulation (PAM) fluorometry was utilised to determine the maximum quantum yield 

(Fv/Fm) as a measure of photosynthetic efficiency at 630 nm (orange-red excitation light) using 

an AquaPen-C AP 110-C (Photo Systems Instruments, Czech Republic) after 15 mins dark 

adaptation at room temperature.  Cells treated with 15 % H2O2 for 30 mins were used as a 

negative control as recommended by (Vandamme et al., 2015a).  Fv/Fm is reported as the ratio 

of variable fluorescence to maximum fluorescence in the following equation.   

 

Fm = maximum level of fluorescence after a short pulse of high intensity light 

Fv = variable fluorescence, difference between Fm and F0 and is the difference between 

fluorescence intensities with open and closed reaction centres. 

 

 

 

Images were taken using a Leica DM750 microscope equipped with a Lecia DFC 450 

camera for light microscopy at x400 magnification with oil to observe changes in microalgal 

physiology and the effect of each flocculant after 30 mins.  Trypan blue staining was used for 

viability assays.  One milliliter of each sample was centrifuged at 6000 rpm for 5 mins and the 

supernatant was discarded.  The pellet was then re-suspended in 1 mL phosphate buffered 

saline (PBS).  The viability of flocculated cells was tested by dye exclusion using 0.4 % Trypan 

blue (Sigma Aldrich, UK), which is excluded by viable cells.  To 100 µL of cells, 100 µL 0.4 

% Trypan blue solution was added and the cells were incubated for three minutes at room 

temperature and they were counted using a haemocytometer.   
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Figure 5.6 - Effect of no flocculant compared with flocculant addition on cell morphology based on light 
microscopy after 30 mins exposure: a) control, b) aluminium sulphate, c) iron chloride, d) sodium 
hydroxide, e) Tanfloc 6025 and f) Tanfloc 8025. Images were taken using a Leica DM750 microscope 
equipped with a Lecia DFC 450 camera for light microscopy at x400 magnification with oil. 
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S5.7.  Testing the effect of the harvesting protocol on product 
accumulation 

For the effect on product accumulation (chlorophyll a, protein, carbohydrate, FAMEs 

and fucoxanthin) aliquots of 5 mL of algal culture were harvested by centrifugation at 4000 

rpm for 10 mins, the pellets washed with 0.01 M phosphate buffered saline (PBS) and 

transferred to a 2 ml Eppendorf safe-lock tube, centrifuged at 13,000 rpm for 5 mins and stored 

at -20°C for analysis.  For comparative dry weight calculations, the samples were then freeze 

dried using a CoolSafe freeze dryer (Labogene, Denmark).  These pellets were weighted using 

a 5 d.p. balance for subsequent data analysis (Sartorius, UK).   

A modified version of Kapoore (2014) was used for FAME analysis using direct 

transesterification on the wet biomass with methanolic-HCl (7 %) replacing BF3 as the acid 

catalyst.  All chemicals used were of HPLC grade (Sigma-Aldrich, UK) unless otherwise 

stated.  Combined extraction of chlorophyll a, carbohydrate, and protein was carried out 

according to Chen and Vaidyanathan (2013) and Padmaperuma (2017). 

For determination of fucoxanthin content, the pellet was extracted with 1.5 mL ethanol 

with 250 mg L-1 butylated hydroxytoluene (BHT) and disrupted by bead beating in bead beater 

tubes (Bertin Technologies) three times at 90 s x 5000 rpm with a 45 s break.  After cell 

disruption the bead beating tubes were then centrifuged at 13,000 rpm for 3 mins.  One millilitre 

of the supernatant was pipetted to a 5 mL glass tube.  To the bead beating tube, 1 mL 

ethanol/BHT mixture was added and the tubes vortexed for 10 s.  The tubes were then 

centrifuged at 13,000 rpm for 3 mins and 1 mL was transferred to the 5 mL glass tube.  This 

procedure was repeated until the pellet was colourless (5 extractions necessary in total).  The 

glass tubes were evaporated under nitrogen, the extract re-suspended in 1 mL absolute 

methanol (Sigma Aldrich, UK) and transferred to a 2 mL safe lock Eppendorf tube.  The tubes 

were then centrifuged at 13,000 rpm for 2 mins before transferring the supernatant to amber 

coloured HPLC vials.  To avoid photo-oxidation, all procedures were carried out under 

darkness.   

Ultra-high-performance liquid chromatography (UHPLC) was used to quantify the 

fucoxanthin content.  The HPLC method adopted was a modified version of Grant (2011).  

Three mobile phases were used: (A) 0.5 M Ammonium acetate in methanol/water 85:15, (B) 

Acetonitrile/water 90:10 and (C) Ethyl acetate 100 % using the gradient procedure described.  

The flow rate was set at 1 mL min−1 and the column temperature at 25°C.   The concentration 

of fucoxanthin was quantified by measuring at the absorbance at 450 nm.  A linear calibration 

curve (R2 = 0.99) covering the range 0-20 µg mL-1 was constructed using a fucoxanthin 
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standard (Sigma Aldrich, UK).  The retention time of the extracts matched the standard for 

fucoxanthin (6.7 mins).   

Overall sodium hydroxide was found to result in the highest ranking, followed by iron 

chloride (Table D.2).  Tanfloc 6025 and 8025 performed the worst in the ranking.  If 

chlorophyll a, fucoxanthin, and fatty acids are to be produced Tanfloc 6025 and 8025 were 

shown to be suitable relative to the control samples but protein and carbohydrate were shown 

to be adversely affected, but this was the case with the other flocculants as well, and this could 

have been due to interference in the multi-assay procedure using wet biomass and further work 

is required to confirm this. 
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Table 5.8 - Effect of flocculant addition on quantum yield and biochemical composition of Phaeodactylum tricornutum for each treatment.  (1) Control - no flocculant 
addition; (2) aluminium sulphate; (3) iron chloride; (4) sodium hydroxide; (5) Tanfloc 6015 and (6) Tanfloc 8025.  Each flocculant (aluminium sulphate, iron chloride, 
Tanfloc 6025 and Tanfloc 8025) was applied at 20 mg L-1 and sodium hydroxide was added at 264 mg L-1 (6.6 mM) compared to the control (no flocculant addition).  
Data is displayed as a fold change relative to centrifugation.  The function of dry weight composition was normalised according to the control weight of a 5 mL 
microalgal pellet (0.744 ± 0.001 g).  Mean ± S.E. (biological triplicates) 

 

 

1 2 3 4 5 6

Pellet weight (g) 0.744 ± 0.001 0.752 ± 0.006 0.768 ± 0.004 1.436 ± 0.046 0.752 ± 0.006 0.751 ± 0.004

Quantum yield 0.72 ± 0.00 0.71 ± 0.00 0.71 ± 0.00 0.72 ± 0.00 0.72 ± 0.00 0.72 ± 0.00

% DW Fold change relative to control

Chlorophyll 0.62 ± 0.02 0.98 ± 0.01 1.04 ± 0.03 1.58 ± 0.02 1.52 ± 0.04 1.26 ± 0.02

Protein 50.18 ± 2.82 0.88 ± 0.06 0.78 ± 0.05 0.48 ± 0.03 0.33 ± 0.02 0.6 ± 0.04

Carbohydrates 16.98 ± 1.63 0.92 ± 0.05 0.68 ± 0.09 0.49 ± 0.03 0.48 ± 0.02 0.62 ± 0.02

FAMEs 8.89 ± 0.30 1.29 ± 0.15 1.54 ± 0.10 1.38 ± 0.03 0.97 ± 0.02 0.96 ± 0.07

EPA 1.29 ± 0.04 1.32 ± 0.16 1.54 ± 0.10 1.54 ± 0.02 0.92 ± 0.06 0.91 ± 0.12

Fucoxanthin 0.47 ± 0.02 0.97 ± 0.02 1.04 ± 0.03 1.56 ± 0.03 1.44 ± 0.06 1.23 ± 0.05
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Table 5.9 - Effect on biochemical composition with each flocculant using ranking matrix (1-6) with a higher number representing a higher yield 

 

 

Control (no flocculant) Aluminium sulphate Iron chloride Sodium hydroxide Tanfloc 6025 Tanfloc 8025

Quantum yield 6 5 5 6 6 6

Chlorophyll 1 2 3 6 5 4

Protein 6 5 4 2 1 3

Carbohydrates 6 5 4 2 1 3

FAMEs 3 4 6 5 2 1

EPA 3 4 6 6 2 1

Fucoxanthin 2 1 3 6 5 4

Control Al2(SO4)3 FeCl3 NaOH Tanfloc 6025 Tanfloc 8025

Total 27 26 31 33 22 22
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Appendix D 
 

This section contains supplementary figures, tables that resulted from Chapter 6 of this 

work. 

 

Supplementary files 
 

S6.1 – Morphological differences between strains under white and red: blue lights 

 

Figure S6.2 – Cell morphology differences between P. tricornutum CCAP 1055/1, UTEX 646 and Necton 
respectively under a) white LEDs and b) red: blue LEDs 

 

Lighting cost 
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The benefit of applying a red: blue light mix is that less electrical power is needed 

because red and blue lights in combination can provide a higher number of photons for the 

same amount of energy compared to white light. Following Blanken et al. (2013), Planck’s 

relation (Equation 1) can be used to obtain the amount of energy for a photon at a specific 

wavelength and further multiplication with the Avogadro constant NA provides the amount of 

energy per molph. In Equation 1, the energy of a photon Eph in J or Ws (1 J= 1 Ws), is calculated 

with Planck’s constant ℎ in J.s, speed of light c in m s-1 and the wavelength λ in m.  

Therefore, the theoretical maximum photosynthetically active radiation (PAR) 

efficiency can be calculated. As can be taken from Equation  and Table, red photons (660 nm) 

contain less energy than blue photons (450 nm) and consequently provide a better theoretical 

maximum efficacy. Nevertheless, a theoretical maximum efficacy cannot be achieved as the 

wall-plug efficiency, the ratio of the radiant flux to the input electrical power, limits the energy 

conversion. At the moment, Osram Oslon Square LED emitter (Osram Opto Semiconductor) 

focusing on a wavelength of 660 nm and 450 nm, achieve a high efficacy of 3.91 µmol J-1 and 

2.9 µmol J-1 (MechaTronix Horticulture Lighting, 2020a). Future development and improving 

of LED technology is expected to increase the actual photon energy efficacy and wall-plug 

efficiency (Schulze et al., 2014) The white LEDs can reach a photon energy efficacy of 2.7-

3.1 µmol Ws-1, obtained from MechaTronix Horticulture Lighting (2020a). 

Providing red: blue lights in a 2.25:1 ratio with theoretical maximum photon energy 

efficacy at a total light intensity of 125 µmol photons m-² s-1 results in a total electrical 

consumption of 0.0258 kWh, whereas in practice, the realistic white light and the realistic red: 

blue LED combination under similar conditions cause consumptions of 0.0403-0.0463 kWh 

and 0.0353 kWh respectively (Appendix D). By replacing white LEDs with red: blue LEDs 

(2.25:1), a reduction of 36-44 % in power consumption is theoretically possible. Replacing 

white LEDs with the realistic red: blue LEDs would save 12-24 % of power consumption., 

presented in Table S6.1.  

Equation 

1: 
𝐸𝑝ℎ =

ℎ × 𝑐

𝜆
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Table S6.3: Power consumption of different light regimes. 

 

 

Light Wavelength [nm] Photon energy efficacy PFD [µmol/m².s] Consumption [kWh]B Combined lights consumption [kWh]B

[µmol/Ws] [kWh/mol]A

RedC 660 5.52 0.0503 175 0.0317 0.0516

BlueC 450 3.76 0.0739 75 0.0199

WhiteD - 2.70-3.10 0.103-0.090 250 0.0926-0.0806 -

RedE 660 3.91 0.071 175 0.0448 0.0706

BlueE 450 2.9 0.0958 75 0.0259

A 1 Ws= 2.7778×10-7 kWh

B Calculated for A= 1 m² and t= 1 h

C Theoretical maximum efficacy

D Efficacy obtained from MechaTronix Horticulture Lighting (2020a)

E Efficacy obtained from MechaTronix Horticulture Lighting (2020b)
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Figure S6.4 Effect of reduced annealing time (15 s) and increased number of cycles (35) on DNA yield; a) 
98°C, 1 min, 30 x (98°C, 10 s, 58°C, 20 s, 72°C, 45 s), 72°C, 8 mins, 4°C hold and b) 98°C, 1 min, 35 x (98°C, 
10 s, 58°C, 15 s, 72°C, 45 s), 72°C, 8 mins, 4°C hold.  Well 1 to 7: TB1, TB2, TB3, TB4, TB6, TB11, -ve 
control (HN, MA, MA, AM, CA, S, -ve control).  Reduced formation of primer dimers 

 

P. tricornutum 18 S sequences  

  
CCAP 1055/1 

EAF3 

GGAGCCGTNTTNAAACACGGACCNNNNNNCCGTNTTGAAACACGGACCANGGAGCCGTCTTG
AAACNCGGACCANGGAGCCGTNTTGAAACACGGACCANGGAGCCNTNTTGAAACACGGACC
AAGGAGCCNTNTTGAAACNCNGACCANGGAGCCGTCTTGAAACACGGACCANGGAGCCGTN
TTAAAACATNGACCAGGGAGCCGTCTTAAAACNCTTCNGACCGATCCGTTTTGAGAGATAGA
ACATGGACCCNCCATGGANTTNNGGGNTAGGGGNANNTTAGGNNTTGATTCCGNNGNGGGA
NNTTTAGANACGNCTACCNCNTCCANGGANNGCNNCANGCNCNTAAATTACCAATCC 

ITTS055R 

GATTGNCGAANCCCACCGGCCCGGANGGGGGAGNCAAGACGCGGGTAACGATGGTTTCGTT
CACTTCCTTTTCNGGGTTTCNGGNACTCTTTAACTCTCTTTTCAAAGTTCTGTTGCNTCTTTCC
CTCACGGNACTTGTCCGCNACCGGNCTCCCNCCANNATTTNNCTTTAGANGGAATTTACCNC
CCACTGGGAGCTGTNATCCCGAACAACTCNACTCNNCAACGCGCGCTCCANGGGCCAGGCG
ANCGGGGGTCTCNCCCTCTCAGCCGCCCTGNTCCANGGGACTTGGCCCGGCCNNGTAACGC
ACACGCCTATAGACCACAATTCNGCGCCGCAGAACGGCGCANATTCACATCTTGAGCTACTC
CCGCTTCNGNCGCCCTTACTGAGGGAATCCTGGTTAGTTTCTTTTCCTCCGNTTAATNATATG
CTTAAATTCAGCGGGTCTTCTTGCTTGANCTGANATCNNAAACGANGGNATNCTGGNGGANN
CNATGGACATNTCATTCATTCAAAGATGANCAAGNAANNNNNNNCGCTTNNCNCCANTNNNN
CTGCNGATGNNGCATTCTTANNANNGANGCGCNATTACTAGANNNNNNNCTGGNNTGCTGCT
GCAGNTCACTGNTGCCTNNTAGNATNNNCNNCGANGANGACGACNCTTGCNGCTNNTCCTAC
ATACTGNNGANNNAANCCNNNNANCNCATTNNANTGGAGTAGAACNANATNATAGCCNNNCG
ACNNCCNNNGAAGAATACTNCTNCCTACGGNNNTTNCNTCGNNTCATATATNCANACGAACN
NTNNAANANCAGCCANNANTNGNNGCGGCANGNNCNNCAGNNCNCCCACTCGANNANAANAN
ANTANNNATNAGCNCANNGCTNANGGNTATNGNNGANCACTNAGAACCANCANGCATCCNNA
GNNNANNNTGNNNNGAAGCCNNNNNGNGCNNTN 
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UTEX 646 

EAF3 

AGCTAATACATGCGTCAATACCCTTNTGGGGTAGTATTTATTANATTGAAACCAACCCCTTCG
GGGTGATGTGGTGATTCATAATAAGCTTGCGGATCGCATGGCTTTTGCCGGCGATGGATCAT
TCAAGTTTCTGCCCTATCAGCTTTGGATGGTAGGGTATTGGCCTACCATGGCTTTAACGGGT
AACGGGAAATCAGGGTTTGATTCCGGAGAGGGAGCCTGAGAGACGGCTACCACATCCAAGG
AAGGCAGCAGGCGCGTAAATTACCCAATCCTGACACAGGGAGGTAGTGACAATAAATAACAA
TGCCGGGCCTTTCTAGGTCTGGCTTTTGGAATGAGAACAATTTAAACCCCTTATCGAGGATC
CATTGGAGGGCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAA
TGTTGCTGCAGTTAAAAAGCTCGTAGTTGGATTTGTGGTGGGCCCGGTGGCTCGGCCTTAGT
TGNCCGTTGCTGTTTTGGGTCCGCCATCCTTGGGTGGAATCAGTGTGGCATTAAGTTGTCGC
GCTGGGGATGCCCATCGTTTACTGTGAAAAAATTANAGTGTTCAAAGCAGGCTTACGCCGTT
GAATATATTANCATGGAATAATGAGATAGGACCTTGGTACTATTTTGTTGGTTTGCGCACCG
AGGNAATGATTAATANGGACAGTTGGGGGTATTCGNATTCCATTGTCANANGTGAAATTCTT
GGATTTCTGGAANANNAACTACTGCNAAAGCATTTACCANNGATGTTTTCATTATCANAACGA
AAGTTAGGGNATCGANNATGATTANATACCATCGTAGNCTTAACCATAAACTATGCCGNNCA
NGNATTGGCGGGGTT 

ITTS055R 

GAACGGGGAAGTATGACGCAGCTAACACTGGTTTCNTTCGNTTCCTTTTCAGCAATTTCAGG
TACTCTTTAACTCTCTTTTCAAAGTTCTGTTGCATCTTTCCCTCACGGTACTTGTACGCTATC
GGTCTCCCACCAGTATTTAGCTTTAGATGGAATTTACCACCCACTTTGAGCTGCAATCCCAAA
CAACTCGACTCGTCGACGCGCGCTCCAAAGGCCAGGCGAACGGGGGTCTCACCCTCTCAGC
CGCCCTGTTCCAAGGGACTTGGCCCGGCCAGGTAACGCACACGCCTATAGACCACAATTCGG
CGCCGCAGAACGGCGCAGATTCACATNTTGAGCTACTCCCGCTTCAGTCGCCCTTACTGAGG
GAATCCTGGTTAGTTTCTTTTCCTCCGCTTAATTATATGCTTAAATTCAGCGGGTCTTCTTGC
TTGAGCTGAGATCAGGAACGAAGGTATGCTGGTGGAAACGATGGACATTTCATTCATTCCAA
GATGAACGAAGAAAACACACCGCTTTCCACCAATCCGTCTGCCNATGCCGCATTCTTACCAA
GGAAGCGCGATTACAGGACTTTGCGCTGGNCTGCTCCTGCAGTTCACTGCTTCCTTTTANNA
TCCCCNANGGGTGAANNCAAGCCTTGCAGCTTTTCCNTACCTACTGNAGANGGAAACCGAAA
CCGCATTTGAGTGGAGTANAACCAGATAAAAGCCCANNANCNTCCNANG 

Necton – N017 

EAF3 

GTCTAAGTATAAATCTTTTACTTTGAAACTGCGAATGGCTCNTTATNTCAGTTATAGTTTATT
TGATAGTCCCTTCACTATTTGGATAACCGTAGTAATTCTAGAGCTAATACATGCGTCAATACC
CTTCTGGGGTAGTATTTATTAGATTGAAACCAACCCCTTCGGGGTGATGTGGTGATTCATAA
TAAGCTTGCGGATCGCATGGCTTTTGCCGGCGATGGATCATTCAAGTTTCTGCCCTATCAGC
TTTGGATGGTAGGGTATTGGCCTACCATGGCTTTAACGGGTAACGGGAAATCAGGGTTTGAT
TCCGGAGAGGGAGCCTGAGAGACGGCTACCACATCCAAGGAAGGCAGCAGGCGCGTAAATT
ACCCAATCCTGACACAGGGAGGTAGTGACAATAAATAACAATGCCGGGCCTTTCTAGGTCTG
GCTTTTGGAATGAGAACAATTTAAACCCCTTATCGAGGATCCATTGGAGGGCAAGTCTGGTG
CCAGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAATGTTGCTGCAGTTAAAAAGCT
CGTAGTTGGATTTGTGGTGGGCCCGGTGGCTCGGCCTTAGTTGGCCGTTGCTGTTTTGGGTC
CGCCATCCTTGGGTGGAATCAGTGTGGCATTAAGTTGTCGCGCTGGGGATGCCCATCGTTTA
CTGTGAAAAAATTAGAGTGTTCAAAGCAGGCTTACGCCGTTGAATATATTAGCATGGAATAA
TGAGATAGGACCTTGGTACTATTTTGTTGGTTTGCGCACCGANGTAATGATTAATAGGGACA
GTTGGGGGTATTCGTATTCCATTGTCANAGGTGAAATTCTTGGATTTCTGGAANACNAACTA
CTGCGAAAGCATTTACCANGATGTTTTCATTAATCAANAACNAAGTTANGGATCGAANATGAT
TANATACCATCGTANTCNTNACCATAANCTATGNCGANNNNGNATTGGNCGGNNNTCNTTAC
GTCTNCGTCAGCACCNNATGANAAANCANANNNNTTGGGNTCCTNNNGGANNNTGGNCGCAN
GCT 
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ITTS055R 

CGAACGCAGACACACGCAGGTCTAATCTCCCTACGCGCATTTCCNNCANCCCNGCCAAGCCT
GACAACGCTGGCCACAGCGCCCCNNCCGCANGNGAACGGGGAAGTATGACGCAGCTAACAC
TGGTTTCCTTCGNTTCCTTTTCAGCAATTTCAGGTACTCTTTAACTCTCTTTTCAAAGTTCTGT
TGCATCTTTCCCTCACGGTACTTGTACGCTATCGGTCTCCCACCAGTATTTAGCTTTAGATGG
AATTTACCACCCACTTTGAGCTGCAATCCCAAACAACTCGACTCGTCGACGCGCGCTCCAAA
GGCCAGGCGAACGGGGGTCTCACCCTCTCAGCCGCCCTGTTCCAAGGGACTTGGCCCGGCC
AGGTAACGCACACGCCTATAGACCACAATTCGGCGCCGCAGAACGGCGCAGATTCACATCTT
GAGCTACTCCCGCTTCAGTCGCCCTTACTGAGGGAATCCTGGTTAGTTTCTTTTCCTCCGCTT
AATTATATGCTTAAATTCAGCGGGTCTTCTTGCTTGAGCTGAGATCAGAAACGAAGGTATNC
TGGTGGAAACGATGGACATTTCATTCATTCAAAGATGATGAACGAAGAAAACACNCNGNTTT
CCACCAATCCGNCTGCCGATGCCGCATTCTTACCNAGGAAGCGCGATTACAGGACTTTGCGC
TGGCCTGCTCCTGCAGTTCNCTGTTTCCTTTTAGTATCCCCNAGGGTGAAGTCAAGCCTTGC
ANCTTTTCCTACCTACTGGAGACGGAAACCGAAAACCGCATTTGAGTGGAGTAGAACCAGAT
AAAAGCCCAACGACCTCCAAAGAAGAATACTGCATCCAACGGTTTTTCCGTCNCATCAGATA
TGCGAACGTACACTTGAACAGCAGCCAGAGCTGGCAGCGCCAAAGTCCAGCAGTCCNNCNN
TTGANAAAAATATATATATNTG 

 

TB-1 

>KC354707.1:73-1126 Halomonas neptunia strain MAT-17 16S ribosomal RNA gene, partial 
sequenceAGCTTGCTAGATGCTGACGAGCGGCGGACGGGTGAGTAATGCATAGGAATCTGCCC
GGTAGTGGGGGATAACCTGGGGAAACCCAGGCTAATACCGCATACGTCCTACGGGAGAAAG
GGGGCTCCGGCTCCCGCTATTGGATGAGCCTATGTCGGATTAGCTAGTTGGTGAGGTAATGG
CTCACCAAGGCAACGATCCGTAGCTGGTCTGAGAGGATGATCAGCCACATCGGGACTGAGA
CACGGCCCGAACTCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGGGCAACCCTG
ATCCAGCCATGCCGCGTGTGTGAAGAAGGCCCTCGGGTTGTAAAGCACTTTCAGCGAGGAA
GAACGCCTAGTGGTTAATACCCATTAGGAAAGACATCACTCGCAGAAGAAGCACCGGCTAAC
TCCGTGCCAGCAGCCGCGGTAATACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTA
AAGCGCGCGTAGGTGGCTTGATAAGCCGGTTGTGAAAGCCCCGGGCTCAACCTGGGAACGG
CATCCGGAACTGTCAGGCTAGAGTGCAGGAGAGGAAGGTAGAATTCCCGGTGTAGCGGTGA
AATGCGTAGAGATCGGGAGGAATACCAGTGGCGAAGGCGGCCTTCTGGACTGACACTGACA
CTGAGGTGCGAAAGCGTGGGTAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAA
CGATGTCGACCAGCCGTTGGGTGCCTAGAGCACTTTGTGGCGAAGTTAACGCGATAAGTCGA
CCGCCTGGGGAGTACGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAG
CGGTGGAGCATGTGGTTTAATTCGATGCAACGCGAAGAACCTTACCTACCCTTGACATCTAC
AGAAGCCGGAAGAGATTCTGGTGTGCCTTCGGGAACTGTAAGACAGGTGCTGCATGGCTGT
CGTCAGCTCGTGTTGTGAAATGTTGGGTTAAGTCCCGTAACGAGCGCAACCCTTGTCCTTAT
TTGCCAGCACGTAATGG  

 

TB-2 

>JQ286003.1:24-1099 Marinobacter alkaliphilus strain SYNH ARB 16S ribosomal RNA gene, partial 
sequenceAGGTGCTTGCACCCCGCTGACGAGCGGCGGACGGGTGAGTAATGCTTAGGAATCTG
CCCAGTAGTGGGGGATAGCCCGGGGAAACCCGGATTAATACCGCATACGTCCTACGGGAGA
AAGCAGGGGATCTTCGGACCTTGCGCTACTGGATGAGCCTAAGTCGGATTAGCTAGTTGGTG
GGGTAAAGGCCTACCAAGGCGACGATCCGTAGCTGGTCTGAGAGGATGATCAGCCACATCG
GGACTGAGACACGGCCCGAACTCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGG
GCAACCCTGATCCAGCCATGCCGCGTGTGTGAAGAAGGCTTTCGGGTTGTAAAGCACTTTCA
GCGAGGAGGAAGGCCTTAAAGTTAATACCTTTGAGGATTGACGTTACTCGCAGAAGAAGCAC
CGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGTGCAAGCGTTAATCGGAATTAC
TGGGCGTAAAGCGCGCGTAGGTGGTTAGGTAAGCGAGATGTGAAAGCCCCGGGCTTAACCT
GGGAACGGCATTTCGAACTGTCTGACTAGAGTGTGGTAGAGGGTAGTGGAATTTCCTGTGTA
GCGGTGAAATGCGTAGATATAGGAAGGAACACCAGTGGCGAAGGCGGCTACCTGGACCAAC
ACTGACACTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACG
CCGTAAACGATGTCAACTAGCCGTTGGGACTCTTGAAGTCTTAGTGGCGCAGCTAACGCACT
AAGTTGACCGCCTGGGGAGTACGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCC
GCACAAGCGGTGGAGCATGTGGTTTAATTCGACGCAACGCGAAGAACCTTACCTGGCCTTGA
CATCCAGAGAACTTTCCAGAGATGGATTGGTGCCTTCGGGAACTCTGAGACAGGTGCTGCAT
GGCCGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGTAACGAGCGCAACCCCTAT
CCCTGGTTGCTAGCAGGTAATGCTGAGAACTCCAGG  
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TB-3 

>CP045367.1:564449-565491 Marinobacter 
alkaliphilusGGTGCTTGCACCCCGCTGACGAGCGGCGGACGGGTGAGTAATGCTTAGGAATCT
GCCCAGTAGTGGGGGATAGCCCGGGGAAACCCGGATTAATACCGCATACGTCCTACGGGAG
AAAGCAGGGGATCTTCGGACCTTGCGCTATTGGATGAGCCTAAGTCGGATTAGCTAGTTGGT
GGGGTAAAGGCCTACCAAGGCGACGATCCGTAGCTGGTCTGAGAGGATGATCAGCCACATC
GGGACTGAGACACGGCCCGAACTCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGG
GGCAACCCTGATCCAGCCATGCCGCGTGTGTGAAGAAGGCTTTCGGGTTGTAAAGCACTTTC
AGCGAGGAGGAAGGCCTTAAAGTTAATACCTTTGAGGATTGACGTTACTCGCAGAAGAAGCA
CCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGTGCAAGCGTTAATCGGAATTA
CTGGGCGTAAAGCGCGCGTAGGTGGTTAGGTAAGCGAGATGTGAAAGCCCCGGGCTTAACC
TGGGAACGGCATTTCGAACTGTCTGACTAGAGTGTGGTAGAGGGTAGTGGAATTTCCTGTGT
AGCGGTGAAATGCGTAGATATAGGAAGGAACACCAGTGGCGAAGGCGGCTACCTGGACCAA
CACTGACACTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCAC
GCCGTAAACGATGTCAACTAGCCGTTGGGACTCTTGAAGTCTTAGTGGCGCAGCTAACGCAC
TAAGTTGACCGCCTGGGGAGTACGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCC
CGCACAAGCGGTGGAGCATGTGGTTTAATTCGACGCAACGCGAAGAACCTTACCTGGCCTTG
ACATCCAGAGAACTTTCCAGAGATGGATTGGTGCCTTCGGGAACTCTGAGACAGGTGCTGCA
TGGCCGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGTAACGAGCGCAACCCCTA
TCCCT  

 

TB-4 

>MK583623.1:171-995 Algoriphagus marincola strain NBP 16S ribosomal RNA gene, partial 
sequenceTGATTAGCTAGTTGGTGGGGTAACGGCCCACCAAGGCGACGATCAGTAGGGGTTCT
GAGAGGAAGGTCCCCCACACTGGCACTGAGATACGGGCCAGACTCCTACGGGAGGCAGCAG
TAGGGAATATTGGGCAATGGACGAGAGTCTGACCCAGCCATGCCGCGTGCAGGAAGACGGC
CTATTGGGTTGTAAACTGCTTTTATACGGGAAGAAAAGGCCCATGCGTGGGACATTGCCGGT
ACCGTATGAATAAGCACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGTGCAA
GCGTTGTCCGGATTTATTGGGTTTAAAGGGTGCGTAGGCGGCTGATTAAGTCAGCGGTGAAA
GACTCCGGCTCAACCGGAGCAGTGCCGTTGATACTGGTTGGCTTGAGTGCTGCAGGGGTAC
ATGGAATTGATGGTGTAGCGGTGAAATGCATAGATACCATCAGGAACACCGATAGCGAAGG
CATTGTACTGGGCAGCAACTGACGCTGATGCACGAAAGCGTGGGGAGCGAACAGGATTAGA
TACCCTGGTAGTCCACGCCGTAAACGATGATTACTCGCTGTTATGCCTTTAGGTGTAGCGGC
CAAGCGAAAGCGTTAAGTAATCCACCTGGGGAGTACGCCGGCAACGGTGAAACTCAAAGGA
ATTGACGGGGGTCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGATGATACGCGAGGAAC
CTTACCTGGGCTAGAATGTGAAGGAATGATTTGGAGACAGATCAGTCAGCAATGACCTGAAA
CAAGGTGCTGCATGGCTGTCGTCAGCTCGTGCC  

TB-5 

>CP045367.1:564449-565512 Marinobacter alkaliphilus 

GGTGCTTGCACCCCGCTGACGAGCGGCGGACGGGTGAGTAATGCTTAGGAATCTGCCCAGT
AGTGGGGGATAGCCCGGGGAAACCCGGATTAATACCGCATACGTCCTACGGGAGAAAGCAG
GGGATCTTCGGACCTTGCGCTATTGGATGAGCCTAAGTCGGATTAGCTAGTTGGTGGGGTAA
AGGCCTACCAAGGCGACGATCCGTAGCTGGTCTGAGAGGATGATCAGCCACATCGGGACTG
AGACACGGCCCGAACTCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGGGCAACC
CTGATCCAGCCATGCCGCGTGTGTGAAGAAGGCTTTCGGGTTGTAAAGCACTTTCAGCGAGG
AGGAAGGCCTTAAAGTTAATACCTTTGAGGATTGACGTTACTCGCAGAAGAAGCACCGGCTA
ACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCG
TAAAGCGCGCGTAGGTGGTTAGGTAAGCGAGATGTGAAAGCCCCGGGCTTAACCTGGGAAC
GGCATTTCGAACTGTCTGACTAGAGTGTGGTAGAGGGTAGTGGAATTTCCTGTGTAGCGGTG
AAATGCGTAGATATAGGAAGGAACACCAGTGGCGAAGGCGGCTACCTGGACCAACACTGAC
ACTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAA
ACGATGTCAACTAGCCGTTGGGACTCTTGAAGTCTTAGTGGCGCAGCTAACGCACTAAGTTG
ACCGCCTGGGGAGTACGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAA
GCGGTGGAGCATGTGGTTTAATTCGACGCAACGCGAAGAACCTTACCTGGCCTTGACATCCA
GAGAACTTTCCAGAGATGGATTGGTGCCTTCGGGAACTCTGAGACAGGTGCTGCATGGCCGT
CGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGTAACGAGCGCAACCCCTATCCCTGG
TTGCTAGCAGGTAATGCTG 
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TB-6R 

>MK130723.1:379-1390 Croceibacter atlanticus strain ACBC086 16S ribosomal RNA gene, partial 
sequence 

AACTGCTTTTATACGGGAAGAAACCCACCTACGTGTAGGTGGCTGACGGTACCGTAAGAATA
AGGACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGTCCGAGCGTTATCCGGA
ATCATTGGGTTTAAAGGGTCCGCAGGCGGCCAGATAAGTCAGTGGTGAAATTCCGTGGCTCA
ACCACGGAACTGCCATTGATACTGTTTGGCTTGAATCAGTTCGAGGATGCCGGAATGTGTGG
TGTAGCGGTGAAATGCATAGATATCACACAGAACACCAATTGCGAAGGCAGGTGTCCAGAAC
TGTATTGACGCTGATGGACGAAAGCGTGGGTAGCGAACAGGATTAGATACCCTGGTAGTCCA
CGCCGTAAACGATGGTCACTAGCTGTCCGGACTTAGGTCTGGGTGGCCAAGCGAAAGTGAT
AAGTGACCCACCTGGGGAGTACGTTCGCAAGAATGAAACTCAAAGGAATTGACGGGGGCCC
GCACAAGCGGTGGAGCATGTGGTTTAATTCGATGATACGCGAGGAACCTTACCAGGGCTTAA
ATGCATTATGACAGGGGTGGAGACACCCTTTTCTTCGGACATTTTGCAAGGTGCTGCATGGT
TGTCGTCAGCTCGTGCCGTGAGGTGTCAGGTTAAGTCCTATAACGAGCGCAACCCCTGTTGT
TAGTTGCCAGCGAGTAATGTCGGGAACTCTAGCAAGACTGCCGGTGCAAACCGCGAGGAAG
GTGGGGATGACGTCAAATCATCACGGCCCTTACGCCCTGGGCCACACACGTGCTACAATGGC
AGGTACAGCAAGCAGCCACTGGGCGACCAGGAGCGAATCTGTAAAGCCTGTCACAGTTCGG
ATCGGAGTCTGCAACTCGACTCCGTGAAGCTGGAATCGCTAGTAATCGCATATCAGCCATGA
TGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCAAGCCATGGAAGCTGGGAGT
GCCTGAAGTCCGTCGCCGCAAGGAGC  

TB-9 

>CP040451.1:82711-83738 Halomonas titanicae 

TAGCTTGCTACCCGCTGACGAGCGGCGGACGGGTGAGTAATGCATAGGAATCTGCCCGATA
GTGGGGGATAACCTGGGGAAACCCAGGCTAATACCGCATACGTCCTACGGGAGAAAGGGGG
CTTCGGCTCCCGCTATTGGATGAGCCTATGTCGGATTAGCTAGTTGGTAAGGTAATGGCTTA
CCAAGGCAACGATCCGTAGCTGGTCTGAGAGGATGATCAGCCACATCGGGACTGAGACACG
GCCCGAACTCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGGGCAACCCTGATCC
AGCCATGCCGCGTGTGTGAAGAAGGCCCTCGGGTTGTAAAGCACTTTCAGCGAGGAAGAAC
GCCTATCGGTTAATACCCGGTAGGAAAGACATCACTCGCAGAAGAAGCACCGGCTAACTCCG
TGCCAGCAGCCGCGGTAATACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGC
GCGCGTAGGTGGCTTGATAAGCCGGTTGTGAAAGCCCCGGGCTCAACCTGGGAACGGCATC
CGGAACTGTCAGGCTAGAGTGCAGGAGAGGAAGGTAGAATTCCCGGTGTAGCGGTGAAATG
CGTAGAGATCGGGAGGAATACCAGTGGCGAAGGCGGCCTTCTGGACTGACACTGACACTGA
GGTGCGAAAGCGTGGGTAGCAAACAGG 

ATTAGATACCCTGGTAGTCCACGCCGTAAACGATGTCGACCAGCCGTTGGGTGCCTAGAGCA
CTTTGTGGCGAAGTTAACGCGATAAGTCGACCGCCTGGGGAGTACGGCCGCAAGGTTAAAA
CTCAAATGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGATGCAAC
GCGAAGAACCTTACCTACCCTTGACATCTACAGAAGCCGGAAGAGATTCTGGTGTGCCTTCG
GGAACTGTAAGACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTTGTGAAATGTTGGGTTAAG
TCCCGTAACGAGCGCAACCC 

TB-10 

>MG029444.1:5-1055 Marinobacter alkaliphilus 

TGCAAGTCGAGCGGTAACAGGGGGTGCTTGCACCCCGCTGACGAGCGGCGGACGGGTGAGT
AATGCTTAGGAATCTGCCCAGTAGTGGGGGATAGCCCGGGGAAACCCGGATTAATACCGCA
TACGTCCTACGGGAGAAAGCAGGGGATCTTCGGACCTTGCGCTACTGGATGAGCCTAAGTC
GGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCGTAGCTGGTCTGAGAG
GATGATCAGCCACATCGGGACTGAGACACGGCCCGAACTCCTACGGGAGGCAGCAGTGGGG
AATATTGGACAATGGGGGCAACCCTGATCCAGCCATGCCGCGTGTGTGAAGAAGGCTTTCG
GGTTGTAAAGCACTTTCAGCGAGGAGGAAGGCCTTAAAGTTAATACCTTTGAGGATTGACGT
TACTCGCAGAAGAAGCACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGTGCA
AGCGTTAATCGGAATTACTGGGCGTAAAGCGCGCGTAGGTGGTTAGGTAAGCGAGATGTGA
AAGCCCCGGGCTTAACCTGGGAACGGCATTTCGAACTGTCTGACTAGAGTGTGGTAGAGGG
TAGTGGAATTTCCTGTGTAGCGGTGAAATGCGTAGATATAGGAAGGAACACCAGTGGCGAA
GGCGGCTACCTGGACCAACACTGACACT 
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GAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACG
ATGTCAACTAGCCGTTGGGACTCTTGAAGTCTTAGTGGCGCAGCTAACGCACTAAGTTGACC
GCCTGGGGAGTACGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCG
GTGGAGCATGTGGTTTAATTCGACGCAACGCGAAGAACCTTACCTGGCCTTGACATCCAGAG
AACTTTCCAGAGATGGATTGGTGCCTTCGGGAACTCTGAGACAGGTGCTGCATGGCCGTCGT
CAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGTAACGAGCG 

TB-11 

>CP022336.1:1530884-1531926 Sphingorhabdus sp. SMR4y chromosome, complete 
genomeTTAGAGTGCCCAACCAAATGGTAGCAACTAAAGATAGGGGTTGCGCTCGTTGCGGGA
CTTAACCCAACATCTCACGACACGAGCTGACGACAGCCATGCAGCACCTGTCACTGATCCAG
CCGAGCTGAAGGAAACCATCTCTGGTATCCGCGATCAGGATGTCAAACGCTGGTAAGGTTCT
GCGCGTTGCGTCGAATTAAACCACATGCTCCACCGCTTGTGCAGGCCCCCGTCAATTCCTTT
GAGTTTTAATCTTGCGACCGTACTCCCCAGGCGGATAACTTAATGCGTTAGCTGCGCCACCA
AAGCCCTGTGGGCCCTAGCAGCTAGTTATCATCGTTTACGGCGTGGACTACCAGGGTATCTA
ATCCTGTTTGCTCCCCACGCTTTCGCACCTCAGCGTCAATACTTGTCCAGCGAGTCGCCTTC
GCCACTGGTGTTCTTCCGAATATCTACGAATTTCACCTCTACACTCGGAATTCCACTCGCCTC
TCCAAGATTCTAGTCACCTAGTTTCAAAGGCAGTTCCGGAGTTGAGCTCCGGGCTTTCACCT
CTGACTTGAGTAACCGCCTACGCGCGCTTTACGCCCAGTAATTCCGAACAACGCTAGCTCCC
TCCGTATTACCGCGGCTGCTGGCACGGAGTTAGCCGGAGCTTATTCTCCAGGTACTGTCATT
ATCATCCCTGGTAAAAGAGCTTTACAACCCTAAGGCCTTCATCACTCACGCGGCATTGCTGG
ATCAGGCTTTCGCCCATTGTCCAATATTCCCCACTGCTGCCTCCCGTAGGAGTCTGGGCCGT
GTCTCAGTCCCAGTGTGGCTGATCATCCTCTCAGACCAGCTAAAGATCGTCGCCTTGGTGAG
CCTTTACCTCACCAACAAGCTAATCTTACGCGGGTTCATCAAAGGGCGATAAATCTTTGGTC
CGAAGACATTATGCGGTATTAGCTCAAATTTCTCTGAGTTATTCCGCACCCTATGGTAGATCC
CCACGCGTTACGCACCCGTGCGCCACTAGATCCGAAGATCTCGTTCGACTTGCA  

 

S6.6 - Cultivation in flat-panel Algaegerm PBRs  

Two 2 L bottles were used to inoculate one 25 L Algaegerm (0.27, 0.78 and 1.27 g L-1 

DW for repeated batch runs 1, 2 and 3 respectively) with the same medium composition 

outlined in the methods (filtered natural seawater, Nutribloom with 4 mM nitrate, 2 mL L-1 

NutriBloom plus).  The Algaegerm was 72 cm Length x 72 cm Width with a 7.5 cm light path 

(4.5 cm culture, 3 cm temperature jacket).  The culture was mixed by enriched air, with 2 % 

CO2 under continuous illumination provided by white fluorescent lamps (153 µmol photons m-

2 s-1), resulting in 1 µmol photons m-2 s-1 outgoing light.  The temperature was controlled by a 

heating-cooling coil (regulated with water) at 21°C for P. tricornutum. 

Batches 1-2 were run in August and batch 3 was run in early-September 2019.  The 

maximum biomass concentration achieved was 5.65 g L-1 DW after batch 1.  After run 1, 2 and 

3 biomass productivities of 0.73, 0.29 and 0.33 g L-1 d-1 were achieved respectively (average 

0.45 g L-1 d-1).  After batch 1 predatory ciliates were observed and these could have resulted in 

a decrease in biomass productivity, along with difficulties in cooling the system during summer 

cultivation where the temperature increased up to 31°C and this caused a culture crash after the 

third run after 6 days.  Through taxonomic identification it was speculated that the ciliate could 

have been Parallelostrombidium sp., Antestrombidium sp. or Spirostrombidium but molecular 

typing was not conducted. 
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After the runs 3-4 days of downtime was required to clean the fouling using a 

combination of sodium hydroxide and sodium hypochlorite (200 ppm) with the culture aerated. 

 

a 

 

b) 

 

c) 

 

Figure S6.7 – Necton N017 cultivation; a) scaling up of Necton N017 strain in Algaegerm system, b) 
growth profile over three repeated-batch cultivations in the Algaegerm system in a greenhouse, 
AlgaePARC, Wageningen University, Netherlands, and d) ciliate contamination 
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