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Abstract 

 

 Phaeodactylum tricornutum is a model diatom used in studies of growth and production of 

photosynthetic pigments, with the particularity of its great capacity to produce fucoxanthin. Fucoxanthin 

is a high-value pigment with applications in the food, cosmetic and pharmaceutical industries, revealing 

in pre-clinical studies, antioxidant, anti-obesity, and anti-cancer activity. This xanthophyllous pigment 

plays an important role in microalgae, as its production occurs in response to abiotic stresses, allowing 

the cell to survive under less favourable conditions. Thus, it is possible to optimize the production of 

fucoxanthin by changing the growth conditions, in particular the composition of the culture medium. 

 In this thesis, changes in the culture medium composition were studied, through the modification 

of nitrogen and carbon sources in various concentrations. The results indicated that the conditions that 

most favoured the growth and production of fucoxanthin were achieved by increasing sodium nitrate by 

a factor of 10 to the f/2 medium supplemented with silica, which is used for maintenance of the diatoms 

growth. The increase in the concentration of sodium nitrate allowed to double the fucoxanthin 

production, in just 7 days of growth. Cell viability and behaviour under different light conditions were 

also investigated. Additionally, genetic expression studies were performed to evaluate the possible 

influence of N sources on the expression of target genes of the fucoxanthin synthesis pathway. 

 These results pave the way for further investigation on the mechanism of nitrogen regulation in the 

fucoxanthin synthesis pathway in microalgae, as well as introducing new data on the strategy for 

optimizing the production of photosynthetic pigments, with a view to large-scale production for use of 

these pigments in the health industry. 

 

 

Keywords: Phaeodactylum tricornutum, Carotenoid Biosynthetic Pathway, Fucoxanthin, Nitrogen 

Sources, Photoperiod Cycle, Cell Viability 
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Resumo 

 

 Phaeodactylum tricornutum é uma diatomácea modelo usada em estudos de crescimento e 

produção de pigmentos fotossintéticos, tendo como particularidade a sua grande capacidade de produzir 

fucoxantina. A fucoxantina é um pigmento de alto valor com aplicações na indústria alimentar, 

cosmética e farmacêutica, tendo revelado em estudos pré-clínicos, atividade antioxidante, anti-

obesidade e anticancerígena. Este pigmento xantófilo representa nas microalgas um papel importante, 

uma vez que a sua produção ocorre em resposta a stresses abióticos, permitindo a sobrevivência da 

célula em condições menos favoráveis. Assim, é possível a otimização da produção da fucoxantina 

através da alteração das condições de crescimento, em particular a constituição do meio de cultura.  

 Nesta tese foram estudadas alterações do meio através da modificação de fontes de azoto e carbono, 

em ensaios com diferentes concentrações. Os resultados indicaram que as condições que mais favorecem 

o crescimento e produção de fucoxantina foram alcançadas através da adição de nitrato de sódio num 

fator de 10 ao meio f/2 suplementado com sílica, usado para manutenção do crescimento de diatomáceas. 

O incremento da concentração de nitrato de sódio, permitiu produzir duas vezes mais fucoxantina em 

apenas 7 dias de crescimento. Testes de viabilidade e comportamento em diferentes condições de luz 

foram avaliados. Adicionalmente, estudos de expressão genética foram realizados para avaliar a possível 

influência das fontes de azoto na expressão de genes-alvo na via de síntese da fucoxantina.  

 Estes resultados abrem caminho para uma investigação mais aprofundada sobre o mecanismo de 

regulação do azoto na via de síntese da fucoxantina em microalgas, assim como introduz novos dados 

sobre a estratégia de otimização da produção de pigmentos fotossintéticos, tendo em vista uma produção 

em larga escala para utilização destes pigmentos na indústria da saúde.  

  

 

 

Termos-chave: Phaeodactylum tricornutum, Via Biossintética de Carotenóides, Fucoxantina, Fontes 

de Azoto, Ciclo de Fotoperíodo, Viabilidade Celular 
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1. INTRODUCTION 

 

1.1. IMPORTANCE OF MICROALGAE AND THEIR COMPOUNDS IN HEALTH CARE 

Microalgae are phytoplanktonic organisms, predominantly aquatic. From an evolutionary point of 

view, microalgae occupy two major domains, Eukaryota and Bacteria, including cyanobacteria, green, 

red, brown and dinoflagellate microalgae (Bowler & Falciatore, 2019). There are more than 41,000 

described species and they are characterized by their morphology and production of compounds, such 

as photosynthetic pigments or lipids (reviewed in Marques, et al. 2013; Alam, et al. 2020).  

Microalgae have several advantages compared to macroalgae. For example, many studies carried 

out show the potential of microalgae as a source of fucoxanthin production, as they demonstrate that the 

production of this pigment is much higher in microalgae than macroalgae. In macroalgae, the 

concentration of this pigment can reach values between 0.02 to 0.58 mg/g in fresh weight and 0.01 to 

1.01 mg/g in dry weight. In contrast, in microalgae, it is possible to reach values between 2.24 to 18.23 

mg/g in dry weight (reviewed in Xia, et al. 2013). 

Other advantages are the high growth rate of microalgae, when compared to plants, since these 

microorganisms can grow much faster and have a high biomass production  in a few days, unlike plants 

that can take several months or years (De Martino, et al. 2007; Koyande, et al. 2019). Another benefit 

is the low/cheap nutritional requirements (salt water and some basic nutrients), when compared to 

animal cell cultures that require expensive complex media and equipment suitable for cultivation under 

specific controlled conditions (De Martino, et al. 2007). Besides that, these microorganisms grow easily 

in solid or liquid cultures, and since they can grow in closed bioreactors under sterile conditions, they 

will be able to produce recombinant products or bioactive compounds of interest under controlled and 

required conditions according to the standards of good manufacturing practices (GMP) (Koyande, et al. 

2019).  

Due to the production of bioactive compounds, such as pigments and proteins, microalgae have been 

explored for their applicability to human health (reviewed in Marques, et al. 2013; Novoveská, et al. 

2019; Alam, et al. 2020). For several centuries, traditional medicine has included nutraceuticals and 

natural supplements in diets, especially since many populations have a daily life characterized by 

excessive consumption of fats and high calorie foods. This lifestyle entails several health problems such 

as obesity, high blood pressure, diabetes, among others (Lane, et al. 2021). Faced with this problematic 

public health issue, multiple studies have shown the beneficial effects of consuming substances 

produced by microalgae, such as improving the immune system, pre- and probiotic effects, reducing 

viral infections and sugar levels (reviewed in Novoveská, et al. 2019). 

The introduction of photosynthetic pigments in the food and pharmaceutical market has seen a huge 

increase. Initially, these pigments were introduced as food additives in aquaculture and due to their anti-

inflammatory, antioxidant, and anticancer activity in the fish, they have been recommended to be tested 
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as additives for human health (reviewed in Pangestuti & Kim, 2011; Begum, et al. 2016; Chakdar & 

Pabbi, 2017). 

For the large-scale production of these natural pigments and due to the high demand of these 

compounds on the market, model microalgae are being used (Dunnaliela, Chlamydomonas, among 

others.), however diatoms have shown to be a promising organism due to their evolutionary 

characteristics and ease of growth and transformation in the laboratory context (reviewed in Pulz & 

Gross, 2004). 

 

1.2. Phaeodactylum tricornutum 

 

Diatoms are unicellular phytoplanktonic organisms that belong to the eukaryotic domain, Class 

Bacillariophyceae (Bowler & Falciatore, 2019). This group of microalgae arose from a secondary 

endosymbiosis where, in a primary endosymbiosis, a cyanobacterium and a phagotrophic eukaryote 

united, giving rise to a red alga. Phagocytosis of this red alga by a eukaryote allowed the emergence of 

diatoms, initiating a new lineage known as Chromalveolata, which includes haptophytes, brown algae 

and dinoflagellates (Cavalier-Smith, 2003). 

There are several organisms that belong to this kingdom, however Phaeodactylum tricornutum is 

one of the species that has been most used as a model organism to understand the biology of diatoms 

(reviewed in De Martino, et al. 2007). 

Phaeodactylum tricornutum is a diatom that belongs to the Chromalveolata kingdom, superphylum 

Heterokonta, phylum Bacillariophyta, class Cacillariophyceae, order Naviculales and family 

Phaeodactylaceae. This organism was first described by Bohlin in 1897, and the most studied genotype 

was sequenced as CCAP1055/1, available from Culture Collection of Algae and Protozoa (CCAP) 

(Bowler & Falciatore, 2019). In terms of molecular biology, this diatom is used for several studies, due 

to its fully sequenced genome. The genome size is 27.4 Mb, with a total of 12,233 coding genes. It is a 

model organism due to its easy growth and genetic transformation in the laboratory, which can be done 

by electroporation or bombardment. The transformation of chloroplasts is also possible (Bowler & 

Falciatore, 2019). 

Structurally, P. tricornutum is a simple microorganism and has a particularity, the external structure 

consisting of silica, called frustule (Figure 1.1.b). The frustule consists of two valves that resemble a 

Petri dish. This structure is composed by the hypotheca that fits into a larger valve called epitheca, which 

subsequently surrounds the living cell. The size of the frustule depends on the size of the cell (Francius, 

et al. 2008). Furthermore, the frustule is surrounded by extracellular polymers, mostly polysaccharides 

called sulphated glucomannans (Ford & Percival, 1965), which allow sessile adhesion, protection 

against drying and the formation of biofilms and endosymbiotic bacterial colonies (reviewed in 

Francius, et al. 2008). 
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Through atomic force microscopy was possibly to verify that, within the different morphologies that 

Phaeodactylum species can present, the silicified valves of the oval cells provide greater mechanical 

resistance than the valves of the other morphologies (reviewed in Whitmore, 2000).  

 

 

 

 

 

 

Figure 1.1. Cell structure of the diatom Phaeodactylum tricornutum: a) inner cell composition (Bowler & 

Falciatore, 2019) and b) external silica structure (Francius, et al. 2008) 

1.2.1. Morphology 

Several studies have verified over time that P. tricornutum is a pleiomorphic marine diatom, which 

implies that it has the ability to change morphology during its life cycle or when present in certain 

environmental conditions (De Martino, et al. 2011).  

They may have three distinct morphologies: fusiform, triradiated or oval (Figure 1.2. a, b, c) (Bauer, 

et al. 2019). The occurrence of each of the morphologies is not yet fully known, however studies suggest 

that the morphogenesis in P. tricornutum is not genotype dependent but induced by environmental 

factors (He, et al. 2014).   

It was found that fusiform morphology is more common throughout the world, however the 

triradiated morphology appears preferentially associated with alkaline environments. On the other hand, 

there is an increase in the occurrence of the oval shape in unfavourable conditions, of low salinity, 

temperature, or light, among others (Whitmore, 2000; He, et al. 2014). Furthermore, this oval shape 

demonstrated a greater ability to survive under conditions of nutritional deficiency, suggesting that this 

morphology may confer resistance to abiotic stress (reviewed in Tesson, et al. 2009).  

In view of the commercial interest, the fusiform morphology tends to be the most advantageous 

since it shows a higher growth rate (1.4 greater) as compared with the oval and triradiate morphologies 

(Desbois, et al. 2010) and greater antibacterial activity (approximately 2-fold more) when compared to 

oval cells (Song, et al. 2020). 

There is also a fourth morphology, called cruciform but its occurrence is considered extremely rare 

(Figure 1.2. d.). According to Bauer and his collaborators (2019), this morphology is able to transform 

into an oval shape by the degeneration of the arms that compose it. According to this study, the low 

temperature appears to have a beneficial role in the formation of the cruciform cell when there is a drop 

a) b) 
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from 25 °C to 10 °C. In addition to this rare typology, this form is characteristic for having a unique 

fatty acid composition and is, therefore, preferred morphology, when the goal is to produce biodiesel 

(Bauer, et al. 2019). 

   

 

 

 

 

Figure 1.2. Cell morphologies from Phaeodactylum tricornutum: a) Fusiform, b) Triradiate, c) Oval and d) 

Cruciform. Scale bar = 10 µm. Adapted from He, et al. (2014). 

1.2.2. Life Cycle 

P. tricornutum can have two lifestyles, planktonic and benthic. Given the physical and chemical 

characteristics of both lifestyles, P. tricornutum tends to adapt the fusiform and triradiated morphology 

in planktonic mode, and the oval type in the benthonic, since the latter has greater sedimentation capacity 

(De Martino, et al. 2011). In addition to this ability, the oval cell is also capable of secreting 

exopolymeric substances that support cell adhesion (De Martino, et al. 2011; Tesson, et al. 2009).  

These unicellular microalgae reproduce via asexual mitotic division, and, to date, there is no 

evidence to prove that P. tricornutum undergoes sexual reproduction (Bowler & Falciatore, 2019; 

Borowitzka, 2018). 

Studies developed by De Martino and co-workers (2011), demonstrated that during the lifecycle, P. 

tricornutum can present different morphologies considering the culture conditions. It was observed that 

the fusiform and triradiated forms occur during the exponential phase when the cultures are under 

agitation, optimal salinity level, and a temperature of approximately 19 ºC. On the other hand, both 

morphologies can be converted directly or indirectly into oval forms, in response to low salinity and low 

temperatures. The same study also found the existence of dormancy cells formed as a consequence of 

changes in these last two abiotic factors. The authors identified these cells as “round cells”, which have 

several similarities with a “resting stage”, such as thicker cell walls or chloroplast disorganization (De 

Martino, et al. 2011).  

However, it is possible to reverse all conditions except from fusiform to triradiate. The conversion 

from triradiate or fusiform to oval and, vice-versa, occurs by division or elongation, respectively (De 

Martino, et al. 2011). Although it appears that the existence of these “round cells” may be related with 

unfavourable growth conditions (Desbois, et al. 2010), only a few studies have shown effects when the 

temperature and salinity are changed, with no evidence for the formation of these aggregates in other 

abiotic conditions, such as pH or nutrients (Tesson, et al. 2009). 

 

 

a) b) c) d) 
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1.3. CAROTENOIDS 

The macroalgae pigments have already been marketed, however, the biomass and pigments 

production systems of these organisms is still not profitable. Due to the advance of knowledge about 

diatoms, these organisms have been studied with the purpose to introduce their produced pigments, in 

the food industry, as supplements in human diets. In aquaculture, these microorganisms are used as feed 

additives for fish and molluscs in larval state. In the environmental level, diatoms are used for 

bioremediation of contaminated water and production of biofuels. Besides that, in the pharmaceutical 

industry, due to the various bioactive compounds produced, they have been thoroughly studied, since 

they have many beneficial health effects (reviewed in Marques, et al. 2013). Within the compounds 

produced by diatoms, especially by P. tricornutum, the pigments are the group of bioactive compounds 

that have shown promising results in health care, mainly the carotenoids (Bowler & Falciatore, 2019).  

Carotenoids are photosynthetic pigments derived from tetraterpenes, consisting of eight isoprene 

units (C5) comprising a 40-carbon structure. These compounds can be divided into two categories: 

xanthophylls that contain oxygen (e.g. astaxanthin and zeaxanthin) and carotenes that are pure oxygen-

free hydrocarbons (e.g. beta-carotene and lycopene) (Mikami & Hosokawa, 2013). 

These pigments, that occur in nature, are all-trans isomers, however cis isomers may occur as by-

products resulting from abiotic factors, such as high temperatures and exposure to light. However, they 

do not have the same biological properties as the trans isomer (Britton, et al. 2016).  

Although they are rigid molecules, carotenoid end groups may exhibit flexibility. These slight 

differences in molecular structures allow the biological function of these pigments to vary. The weight, 

the shape of the molecule and the functional groups are factors that determine their solubility and 

therefore the ability of the carotenoids to interact with other cell components (Britton, et al. 2016). 

Carotenoids are fat-soluble pigments (hydrophobic) that absorb light at a wavelength between 400 

and 550 nm, responsible for the yellow, orange, and red colours of various fruits and vegetables. The 

colour spectrum depends on the number of conjugated double hydrogen bonds. These pigments can only 

be obtained through food and cannot be synthesized by the human species, which promotes demand in 

the market and provides a greater need for large-scale production through biologically sustainable ways 

(Novoveská, et al. 2019; Goswami, et al. 2021). 

For microalgal cells, carotenoids are divided into two categories: primary carotenoids, which are 

components of the functional and structural photosynthetic system (membranes) and are therefore 

essential to the cell survival (e.g. lutein); and secondary carotenoids, which are produced only when the 

cell is exposed to specific abiotic conditions, such as high light intensity, nutrient depletion/excess, 

among other factors (e.g. fucoxanthin) (Novoveská, et al. 2019). The latter category of carotenoids are 

located in lipidic vesicles in the plastid stroma or in the cytosol, however despite being synthesized in 

chloroplasts, they can be exported to the cytoplasm and, thus, be found throughout the cell (Gordon, et 

al. 1983). 
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In addition to the participation of carotenoids in photosynthesis, they also play an important role in 

light harvesting and photoprotection. When there is low light, the carotenoids capture the available light 

and transfer the energy to the chlorophyll molecules. On the contrary, when exposure to high light, 

carotenoids accept excessive light and dissipate it, protecting chlorophyll molecules from light damage 

(Novoveská, et al. 2019). 

In human care, besides the carotenoids providing colour and nutrition to food, they also have a 

powerful antioxidant effect and are used to slow the oxidation process, as well as to reduce the 

degradation of food, acting as food preservatives. In cosmetics, carotenoids are used not only as a dye 

in tanning body lotions due to their naturally brown colour, but also in skin and hair care creams due to 

their antioxidant properties, providing protection to the skin from UV radiation damage. In the 

nutraceutical area, the sector is growing exponentially, as carotenoids neutralize free radicals and reduce 

oxidative stress in the cells. This imbalance in the normal functioning of cells can lead to disease, 

including degenerative pathologies. From this point of view, the antioxidant capacity of carotenoids is 

very important since it allows to slow down the aging process and reduces cells damage, also reducing 

the risk of inflammation, heart disease, cancer, type 2 diabetes, and chronic eye diseases (reviewed in 

Chakdar & Pabbi, 2017; Novoveská, et al. 2019).  

 

1.3.1. Legislation  

Between 1970 and 2003, the procedures for introducing a new natural bioactivity compound on the 

market were based on criteria developed by the Commission Directive 70/524/EEC (European 

Communities, 1970). However, in 2003, the directives were revised and published in Regulation (EC) 

No. 1831/2003 (EU 2003) (The European Parliament and the Council of the European Union, 2003). 

One of the procedures imposed in the new system is the independent safety assessment carried out by 

the European Food Safety Authority (EFSA), where the responsibility for approving or refusing product 

authorization lies with the European Commission (EC) assisted by the Standing Committee of the Food 

Chain and Animal Health. Authorized products can belong to three specific categories: sensory, 

nutritional or zootechnical additives. These products are listed in the EU Food Additives Register (EC 

2016), which is regularly updated by the EC (The European Parliament and the Council of the European 

Union, 2003). 

Carotenoids, according to this regulation mentioned above, belong to the category of "sensory 

additives", as a functional group of colourants that represents the substances that are added or that are 

used to restore colour in animal feed and all substances to which are added (e.g. bakery). When these 

colourants are supplied to animals, they give colour to feed of animal origin (The European Parliament 

and the Council of the European Union, 2003). 
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The introduction of carotenoids as food additives for colouring is also subject to regulation and any 

food containing these pigments should be labelled as a colourant and not as a nutrient (Begum, et al. 

2016). 

In Portuguese law and according to Law-Decree no. 55/2005 published in Diário da República no. 

44/2005, Series I-A of 2005-03-03 emitted by Ministry of Agriculture, Fisheries and Forests, the use of 

mixed carotenes from plants or algae is authorized as dyes (https://data.dre.pt/eli/dec-

lei/55/2005/03/03/p/dre/pt/html). 

According to the Food and Economic Security Authority (ASAE) in Portugal, all compounds of a 

carotenoid nature, derived from plants, fungi, algae and cyanobacteria, belong to the dye category, being 

identified from E160a to f and E161b/g. (https://www.asae.gov.pt/seguranca-alimentar/aditivos-

alimentares/corantes.aspx). 

  

1.3.2. Natural vs. Synthetic Carotenoids  

With the growing need to increase the production of carotenoids  to meet the market demand, studies 

have been carried out to assess the best way to scale-up production. Bearing in mind that the amount of 

carotenoids naturally produced is relatively low, many companies have opted for the synthesis of these 

pigments (reviewed in Novoveská, et al. 2019).  

Carotenoids can be synthesized faster with low-cost chemicals, without resorting to the presence of 

living organisms, thus avoiding the more complex extraction of the final product. Although synthesized 

carotenoids are faster and, generally, cheaper to produce compared to natural carotenoids, they have less 

health beneficial properties and are considered less valuable products, being undesirable for 

implementation in the food industry, leading to a greater investment in the natural production of these 

pigments (Novoveská, et al. 2019).   

For example, the β-carotene pigment found in microalgae is a natural conjugation of all-trans and 

9-cis isomers. On the contrary, synthetic β-carotene is only composed of all-trans isomers, having no 

beneficial health properties (Bogacz-Radomska & Harasym, 2018; Novoveská, et al. 2019).   

In recent years, consumers have preferred the use of natural products over synthetics, due to the 

population’s growing awareness of their health and the unwanted effects of non-natural products 

(reviewed in Novoveská, et al. 2019). 

The European Union has standardized the restricted use of toxic products or additives (for example,  

dyes) that were obtained by chemical synthesis, in food, feed, cosmetics and nutraceuticals. In contrast 

to these synthetic dyes, natural carotenoids are a safe source and can be added to many products, such 

as juices, dairy, and bakery. Similarly, in aquaculture, these photosynthetic pigments are used to assign 

the desired colours to aquatic organisms through their diet, obtaining pink/red crustaceans, orange 

salmon, among others. In textile industry, natural dyes are used for colouring clothes, since several 

https://data.dre.pt/eli/dec-lei/55/2005/03/03/p/dre/pt/html
https://data.dre.pt/eli/dec-lei/55/2005/03/03/p/dre/pt/html
https://www.asae.gov.pt/seguranca-alimentar/aditivos-alimentares/corantes.aspx
https://www.asae.gov.pt/seguranca-alimentar/aditivos-alimentares/corantes.aspx
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people have developed, over time, allergic reactions to various colouring synthetic products (reviewed 

in Novoveská, et al. 2019). 

Due to the increasing elderly population around the world, people are increasingly interested in their 

health and seeking to reduce the appearance of diseases related to the modern lifestyle, such as diabetes, 

hypertension, and obesity. To this end, a healthy diet, and the consumption of products of natural origin 

have shown to be the best solution to delay these problems, causing greater demand for these active 

principles (reviewed in Chakdar & Pabbi, 2017; Novoveská, et al. 2019). 

1.3.3. Carotenoid synthesis pathways in microalgae  

 

To produce carotenoids, diatoms have a very complex synthesis pathway. Initially, they use the non-

mevalonate synthesis pathway for isoprenoid biosynthesis, also known as the methylerythritol 4-

phosphate (MEP) plastidic pathway. MEP starts with glyceraldehyde 3-phosphate (G3P) and pyruvate 

from the Calvin cycle, which, when combined, give rise to 1-deoxy-D-xylulose 5-phosphate (DOXP), a 

reaction that is catalysed by 1-deoxy-D-xylulose 5-phosphate synthase (DXS). This enzyme and the 

intermediate products synthesized in the pathway, leads to the formation of isopentenyl diphosphate 

(IPP) and dimethylallyl diphosphate (DMAPP). After several steps, the interconversion between IPP 

and DMAPP giving rise to geranylgeranyl diphosphate (GGPP), also known as geranylgeranyl 

pyrophosphate (Figure 1.3.). Two GGPP molecules leads to the first step in the biosynthesis of 

carotenoids, catalysed by the enzyme phytoene synthase (PSY) forming a phytoene molecule (Figure 

1.4.). This conversion is extremely important to obtain carotenoids since PSY is a limiting enzyme in 

this pathway. All carotenoids synthesized in the next steps with a C40 structure are derived from 

phytoene, which make up a total of 90% of the carotenoids currently known (reviewed in Zhang, 2018; 

Khoroshyy, et al. 2018). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. MEP pathway. Ellipsis indicates intermediate products (Adapted from Khoroshyy, et al. 2018) 
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The carotenoid biosynthesis pathway is not fully known, and many studies indicate putative 

pathways, considering the different compounds, the identified conversion enzymes and the different 

types of microalgae (brown, green and red). Different groups of microalgae produce different types of 

pigments. Figure 1.4. represents a hypothetical synthetic pathway to produce carotenoids in different 

microalgae groups (Zhang, et al. 2018).  

As previously mentioned, carotenoids are divided into two categories: carotenes and xanthophylls. 

The first stage of carotenoid synthesis begins with the biosynthesis of carotenes from the phytoene 

molecule, which is the common precursor to all carotenoids. Within the group of carotenes, the first 

molecule to be converted is lycopene, produced from several dehydrogenation steps of phytoene. 

Therefore, lycopene is usually converted to α-carotene or β-carotene through lycopene cyclase 

(Lycopene ε-cyclase (LCYE) or Lycopene β-cyclase (LCYB)) (Khoroshyy, et al. 2018). When enzymatic 

reactions happen, such as hydroxylation or ketolation of these carotenes, xanthophyll synthesis occurs 

(Zhang, et al. 2018; Rebelo, et al. 2020). 

In the brown box from Figure 1.4., pigments for brown microalgae, such as diatoms, are identified. 

They produce several common pigments with green microalgae (green box), yet the final product is 

mainly fucoxanthin. However, the enzymes responsible for converting of neoxanthin into fucoxanthin 

and diadinoxanthin are currently not known (Zhang, et al. 2018). 

In plants, algae, fungi, and bacteria it is common to synthesize apocarotenoids, which are pigments 

derived from oxidation of carotenoids or other apocarotenoids through enzymatic cleavage. An example 

of an apocarotenoid is retinol, known as vitamin A, derived from β-carotene (Figure 1.4.) (Zhang, 2018; 

Khoroshyy, et al. 2018). 
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Figure 1.4. Hypothetical Carotenoid Biosynthetic Pathway. Red, green, and brown boxes indicate the pathway in 

red, green, and brown algae, respectively. Ellipsis indicates intermediate products. The symbol * indicates 

enzymes unidentified in algae. Red question marks reveal enzymes that have not yet been identified (Adapted 

from Zhang, et al. 2018). 

1.3.4. Fucoxanthin 

Fucoxanthin is a carotenoid pigment located in the chloroplasts on eukaryotic cells of brown 

macroalgae and unicellular microalgae, such as diatoms. It is responsible for the brown to yellow colours 

of the algae and masks the green chlorophyll a and c also produced by diatoms. This pigment was 

isolated from brown algae for the first time in Germany, in 1914 (Gupta, et al. 2017). 

This pigment is a xanthophyll and shares the same physical and chemical properties with carotenes, 

being lipid-soluble and antioxidant. The presence of oxygen atoms in hydroxyl and epoxide group in 

the fucoxanthin structure allows it to be one of the most polar xanthophylls. In addition to its carbon 

skeleton, it is chemically structured by allelic bonds, an epoxide group and six oxygen atoms (Figure 
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1.5.). Due to its polar structure, industrially, it is easily extracted by organic solvents such as ethanol, 

methanol, DMSO, acetone, among others (reviewed in Gupta, et al. 2017). 

In cells, fucoxanthin is stored in chloroplasts, inside membrane compartments called thylakoids. 

Within these organelles, fucoxanthin binds chlorophyll a, c and  proteins, forming complexes that absorb 

light in the blue-green spectrum and transfer energy to the cell's metabolism. It is a pigment that has a 

wide absorption spectrum (445 and 540 nm), which increases the effectiveness of photosynthesis 

(Gupta, et al. 2017). 

As previously mentioned, carotenoids can have trans and cis conformations, and fucoxanthin is no 

exception. However, the trans isomer of fucoxanthin is more chemically stable and has a greater 

antioxidant potential than its cis isomer. About 90% of fucoxanthin found in nature has a trans 

conformation, but geographic and seasonal variations may influence the content of these isomers, such 

as variations in salinity or light exposure (Gupta, et al. 2017). 

In terms of legislation, fucoxanthin has few regulations. According to the European Food Safety 

Authority (EFSA), this pigment is considered a possible extract to be used as a food ingredient. The 

EFSA states that the allowed amount consumed is equivalent to 15 mg of pure fucoxanthin per day. 

However, to date, there is no evidence that could establish the amount needed to consume to maintain a 

normal body weight (Gupta, et al. 2017). 

In the United States of America, the Food and Drug Administration (FDA) evaluates products 

derived by algae as a dietary supplement labelled "This product is not intended to diagnose, treat, cure 

or prevent any disease" (https://www.fda.gov/consumers/consumer-updates/fda-101-dietary-

supplements). In Japan, the Ministries of Health, Labour and Welfare did not evaluate fucoxanthin as a 

functional or pharmaceutical food ingredient, however it is marketed as a food supplement (Gupta, et 

al. 2017). In Portugal, the regulatory authorities in the area do not present any information on the use of 

fucoxanthin, and the available information is for the groups of carotenes, being established as natural 

dyes and not food supplements (ASAE, consulted at 18/09/2020).  

 

Figure 1.5.  all trans-Fucoxanthin molecular structure (C42H58O6) (Gupta, et al. 2017). 

1.3.4.1.  Health Benefits of Fucoxanthin  

Although fucoxanthin was only introduced on the market as a dye or food supplement, with no 

apparent applicability in the health field, by regulatory authorities, this pigment has been the subject of 

study due to its beneficial effects on human health (Gupta, et al. 2017). 

https://www.fda.gov/consumers/consumer-updates/fda-101-dietary-supplements
https://www.fda.gov/consumers/consumer-updates/fda-101-dietary-supplements
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Clinically, fucoxanthin has been evaluated in the pharmaceutical area for its antioxidant power, 

since it inhibits the damage of free radicals in cells, among many other activities (reviewed in Gupta, et 

al. 2017). 

In the treatment of obesity, fucoxanthin has demonstrated, in mice studies in vivo, an ability to 

mediate proteins from adipose tissue that allow the oxidation of fatty acids and heat production, reducing 

the white adipose tissue, which is responsible for the accumulation of fat (Gupta, et al. 2017). 

Studies carried out in non-diabetic humans and diagnosed with obesity, allowed to check that a daily 

supplementation of 300 mg of brown algae extract with 2.4 mg of fucoxanthin, combined with essential 

oils, allowed to reduce weight on average 4.9 kg, after 16 weeks of ingestion (Abidov, et al. 2010). In 

Japan, studies have shown that the consumption of an extract with 3 % fucoxanthin, which was 

equivalent to 0.5-1 mg pure fucoxanthin per day, had a significant effect on blood parameters in 

metabolic syndromes (Oryza Oil & Fat Chemical, 2008).  

For several years now, fucoxanthin has been investigated as a potential anticancer compound, 

however all tests developed to date have been in vitro, on cell lines, or in vivo, in mice. None of these 

studies have been developed in humans, so fucoxanthin activity is only hypothesized. Hosokawa and 

co-workers (1999) found that this pigment has the ability to induce apoptosis in human leukaemia cell 

lines, through the cleavage activity of tumour-inducing enzymes. Wang et al. (2014) reported the 

inhibition of the growth of human tumour cell lines using extracts containing fucoxanthin. Satomi and 

collaborators (2013) found that fucoxanthin extracts have a significant effect on the expression and 

enzymatic activity of xenobiotic metabolizing enzymes that activate pro-carcinogenic agents. 

Regarding the antioxidant activity of fucoxanthin, it is known that this pigment has an unusual 

activity in relation to reactive oxygen species (ROS). ROS are known to have caused cellular damage, 

which directly implies the appearance of certain pathologies, such as type 2 diabetes, cardiovascular 

diseases, cancer, among others. In addition to fucoxanthin being tested only in cell lines and mice, there 

is ample evidence that it may have good antioxidant power, reducing the risk of oxidative stress in 

humans (reviewed in Britton, 2009). 

In human fibroblast cell lines and in hairless mice, fucoxanthin has been successfully tested to 

protect the skin from cell damage caused by ultraviolet B exposure, and also has an antioxidant effect 

as anti-skin aging against free radicals (Gupta, et al. 2017). A study carried out by Shimoda, et al. (2010), 

which aimed to study the use of fucoxanthin in melanogenesis (melanin synthesis), which is catalysed 

by the enzyme tyrosinase. Evidence from this study demonstrates that fucoxanthin suppresses tyrosinase 

activity in UV irradiated guinea pigs and melanogenesis in UV irradiated rats. In addition, results in 

guinea pigs indicate that a treatment with daily small doses of fucoxanthin, may reduce skin 

pigmentation induced by ultraviolet radiation (Shimoda, et al. 2010). These results are very promising, 

since melanogenesis is known to have a regulatory role in the formation of melanomas (malignant skin 

cancer) (Slominski, et al. 2014), and these extracts may have the potential to reduce the risk of skin 

cancers. 
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Still within the world of cosmetics, studies indicate that extracts containing fucoxanthin show 

activity against acne, inhibiting the activity of bacteria (Renhoran, et al. 2017). 

Several studies have been conducted to assess the toxicity of fucoxanthin. To date, no in vivo studies 

in mice have demonstrated toxicity or side effects of this compound (Maeda, et al. 2005; Beppu, et al. 

2009; Zaragotá, et al. 2008). Some of these studies show that oral doses up to 2000 mg/kg of body 

weight do not reveal mortality or abnormal effects in various tissues, such as kidneys or liver (Beppu, 

et al. 2009; Zaragozá, et al. 2008). However, toxicity in humans needs to be studied, assessing toxic 

levels and daily dosage in order to evaluate the efficacy against the pathologies indicated above. 

 

1.3.4.2. Authorized Use of Fucoxanthin Rich Supplements 

Currently, few extracts containing fucoxanthin are used for healthcare applications. As mentioned 

earlier, there is strong legislation related to carotenoids and their applicability as therapeutic compounds, 

often due to the lack of scientific evidence that proves that the same effect observed in in vivo studies 

with mice, also occurs in humans. 

However, there are two products that have had promising results: 

(1) FucoVitalTM from Algatech (company located in Israel) is an extract with 3% fucoxanthin 

derived from the microalgae Phaeodactylum tricornutum. It was the first fucoxanthin extract to 

obtain New Dietary Ingredient Notification (NDIN) by the FDA and the first microalgae-

derived fucoxanthin product on the market. It is recognized as a dietary supplement and targets 

the first stage of fatty liver, reducing the accumulation of fat in the liver 

(https://www.algatech.com/algatech-product/fucovital/). Studies developed in non-alcoholic 

fatty liver cell models in vitro, have shown that FucoVitalTM is much more potent in preventing 

the accumulation of fat in liver cells than the best-selling supplement on the market, called 

Silymarin (Milk Thistle). The latter is one of the most worldwide used herbal supplements for 

liver problems (Jowers, 2019). The study performed by Dr. Joseph Tam, from the Faculty of 

Medicine of The Hebrew University in Jerusalem, found that low concentrations of FucoVitalTM 

(13.2 µg/mL) protect the liver cells significantly inhibiting fat accumulation when compared to 

Silymarin (29.8 µg/mL) (Algatech, consulted at 10/02/2021). Given the promising results of Dr. 

Tam's study, Algatech started in 2018, a clinical trial in patients diagnosed with elevated liver 

enzymes and excess liver fat. To date, the results of these tests have not yet been published 

(Clinical Trial FucoVital, consulted at 10/02/2021). 

(2) BrainPhytTM from Microphyt (company located in France) is a fully characterized natural 

extract of Phaeodactylum tricornutum. It has a composition of phycoprostanes, xanthophylls 

(including fucoxanthin), omega-3 fatty acids, sterols, among others 

(https://microphyt.eu/brainphyt/). In 2019, Microphyt received FDA's New Dietary Ingredient 

https://www.algatech.com/algatech-product/fucovital/
https://microphyt.eu/brainphyt/
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Notification (NDIN) for BrainPhyt™, which allows this nutritional ingredient, supported by 

patented efficacy data in cognitive applications, to be sold in the U.S. dietary supplement 

market. BrainPhyt™ aims to prevent the effects of cognitive decline, especially loss of spatial 

and short-term memory. It has been evaluated in 7 pre-clinical studies and has shown greater 

effectiveness in mice compared to Docosahexaenoic Acid (DHA) and Ginkgo biloba extract, 

both recognized as references for improving and maintaining brain function.  

 

1.3.4.3. Regulation of Fucoxanthin Production: PSY and LCYB Genes 

In an attempt to manipulate the synthesis of metabolites, it is necessary to modulate the enzymes 

that are part of their metabolic synthesis pathways. Commonly, the overexpression of these enzymes 

can make it possible to redirect the pathway to the desired product (Saini, et al. 2020).  For example, in 

an attempt to overexpress a desired product, the regulation process can occur by gene regulation, 

silencing/overexpressing of specific genes, or by indirect regulation of abiotic factors, in which a cell 

regulates its own metabolism in response to stress (Huang & Daboussi, 2017). However, active 

knowledge of the pathway's mechanism and the enzymes involved may allow us to assess whether the 

pathway is capable of being controlled, to overexpress the product of interest. 

Tran and co-workers (2009) took available sequences from various genes from the carotenoid 

biosynthesis pathway, within which they highlighted the gene encoding phytoene synthase (PSY). This 

gene was analysed in higher plants and algae, building phylogenetic trees in order to group the organisms 

from the evolutionary point of view. From the results obtained, the authors state that the PSY gene of 

the algae was inherited from cyanobacteria via endosymbiotic gene transfer (EGT). They also claim that 

in algae, an ancestral gene has possibly undergone duplication, giving rise to two classes of PSY (I and 

II). Green algae, called Chlorophytes and higher plants, retain only class I, while red and brown algae 

(Ochrophyta, Haptophyta and Cryptophyta) have class II PSY genes. Although different groups have 

different classes of PSY, the authors observed, by aligning the various versions of the gene, that both 

classes have similar regions of substrate-Mg2
+-binding site and catalytic residues, and the major 

differences between the various sequences occur in regions that are not associated with the normal 

functioning of the enzyme (Tran, et al. 2009). 

During the evolutionary process, independent duplication of genes and consequently divergence, 

gave rise to the LCYB and LCYE genes (Cui, et al. 2011), molecules formed from LCY to which β- and 

ε- rings were added, respectively (Zhang, et al. 2018). Through the phylogenetic tree built by Cui and 

co-workers (2011), based on LCY sequences, it was found that the lycopene cyclase genes came from 

cyanobacteria and all the algae that arose from a secondary endosymbiosis with rhodophytes (e.g. 

Ochrophyta (taxonomic group where diatoms belong)), acquired the gene LCYB with the loss of LCYE 

gene, which justifies the fact that these organisms only produce β-carotenoids (Cui, et al. 2011). In 

contrast, red macroalgae have LCYE and LCYB, allowing the production of α- and β-carotenoids, 
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respectively. This last evidence obtained from the duplication of the ancestral gene may have happened 

before secondary endosymbiosis, because the gene was transferred from the phagocyte organism to the 

nucleus of the host cell (Cui, et al. 2011). 

Thus, the hypothesis arises that these gene duplications, both for the PSY and LCY gene, are the 

result of algae responses to stress conditions, promoting the flexibility and adaptability of carotenoid 

synthesis pathway in order to assure the survival of the species (Tran, et al. 2009). 

 

Several studies demonstrated a regulatory role of the PSY gene in the carotenoid synthesis pathway. 

This evidence hypothesized that PSY is a rate-limiting enzyme and alterations in this pathway may be 

due to the variation of its expression and activity (Arango, et al. 2014; Kadono, et al. 2015; Maass, et 

al. 2009; Meier, et al. 2011; Rodríguez-Villalón, et al. 2009). Furthermore, it is suggested that the 

increase or decrease in downstream metabolites may modulate PSY, being able to regulate positively or 

negatively their protein levels and, consequently, the concentration of carotenoids in order to maintain 

the homeostasis of these compounds (Arango, et al. 2014). A study carried out by Kadono et al. (2015), 

demonstrates, using genetic engineering tools, that the overexpression of PSY in P. tricornutum cells 

increased 1.45-fold the fucoxanthin content when compared to the wild-type. Knowing that PSY 

expression levels may be direct indicators of the carotenoid biosynthesis pathway behaviour (Kadono, 

et al. 2014; Maass, et al. 2009; Eilers, et al. 2016), makes this gene a target to assess the impact of 

abiotic effects on the production of fucoxanthin. 

As for LCYB, there are few studies that demonstrate the regulatory role of this gene in the synthesis 

pathway. However, when it comes to assessing the content of fucoxanthin this is the most viable gene 

to be used since it is the first enzyme responsible for the synthesis of fucoxanthin in brown algae (brown 

box in Figure 1.4.), which converts lycopene into β-carotene, being successively converted until the 

final product of the synthesis, fucoxanthin (Zhang, et al. 2018). A study carried out by Ramos et al. 

(2008), revealed that when the microalgae Dunaliella salina is exposed to stress conditions such as 

salinity, high light intensity and nutrient depletion, the mRNA levels of the LCYB gene and the levels 

of carotenoids are increased. On the other hand, studies indicates that the overexpression of the LCYB 

gene allows an increased production of β-carotene (reviewed in Saini, et al. 2020). 

Although there is extensive literature for P. tricornutum in which the authors make modifications 

to this diatom in order to increase the production of lipids, there are few articles that carry out this same 

analysis seeking to increase the production of fucoxanthin (Kadono, et al. 2015; Eilers, et al. 2016; 

Lavaud, et al. 2012). To this end, there are several strategies that can be used, such as the introduction 

of heterologous DNA or the overexpression of endogenous genes (Huang and Daboussi, 2017). 

However, the use of genetically modified organisms may not be the ideal solution, due to the great 

reluctance of the public towards products obtained by these methods, associated with the concern of 

companies due to strict legislation that involves their use. Thus, the opportunity arises to study the 
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environmental factors that can increase the expression of several genes, with the advantage that P. 

tricornutum is one of the diatoms with a fully sequenced genome (Bowler & Falciatore, 2019).   

Consequently, there are several abiotic factors that can have a great impact on diatoms, like the 

cultivation type (batch, fed batch or continuous), agitation, salinity, temperature, nutrients use mode 

(autotrophic, heterotrophic or mixotrophic), light intensity/quality and nitrogen source (Arora & 

Philippidis, 2021). Some of these factors and their impact on carotenoid production will be further 

discussed. 

 

1.4. INFLUENCE OF ABIOTIC FACTORS ON CAROTENOID PRODUCTION  

 

1.3.1. Cultivation System: Small scale vs. Industrial Scale  

P. tricornutum is capable of growing under photoautotrophic and mixotrophic conditions, both 

indoors and outdoors, in open or closed systems (Garcia, et al. 2005). 

Currently, on an industrial scale, the most common cultivation system to produce photosynthetic 

pigments, mainly carotenoids, is in photoautotrophic conditions, in outdoor culture systems that include 

glass bottles, cylinders or horizontal panels, in a batch system. Batch cultures consist of a single 

inoculum of cells, unique addition of culture media and natural light, followed by growth from 3 to 18 

days, reaching the maximum biomass peak typically on the seventh day. During this period, the 

carotenoids content, mostly fucoxanthin, shows a higher production rate between the end of the 

exponential phase and the beginning of the stationary phase (Garcia, et al. 2005; Fernandez & Galvan, 

2007). However, in photoautotrophic outdoor cultivation, the intensity and quality of the light is not 

adequate, since it depends on the sunlight, that is not always constant throughout the day. Regardless 

the high biomass productivity, when it comes to producing pigments that are light-dependent, like 

fucoxanthin, the production yield is very low, therefore it is not a sustainable and profitable production 

system for companies (De Martino, et al. 2007). Another factor that can be a disadvantage in these 

systems is the temperature, since it has a great influence on photorespiration. When the temperature 

increases, the respiration and carbon flow through the Calvin cycle also increase, reducing the efficiency 

of photosynthesis. This condition can affect cell cultures mainly in the context of photoautotrophic 

systems when the temperature is not controlled and can vary dramatically between day and night 

(Márquez-Rocha, et al. 2019). 

In a laboratory context, the cultivation of diatoms is mixotrophic, which means that there is an 

artificial supplementation of nutrients in the cultures, instead of using simple wastewaters without 

nutrient addition, like in autotrophic systems. Mixotrophic cultivation is characterized by the addition 

of organic sources of carbon (glycerol, mannose, fructose, etc.) and/or nitrogen (sodium nitrate, urea, 

ammonia), essential compounds for the growth and production of pigments. It is a cultivation where the 

light energy is artificial and can be adapted in lamps of different types (fluorescent or non-fluorescent), 
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different wavelengths, emitting various shades of colour (green, blue, red) and that allow microalgae to 

produce different pigments (Fernandez & Galvan, 2007).  

These conditions enable the production of compounds with a higher degree of sterility, regulating 

their production and composition, promoting a more controlled growth than in photoautotrophic 

systems. However, they are more expensive due to the need to use supplemented culture media and 

equipment (Garcia, et al. 2005). 

Mixotrophic cultivation has been an approach to be used for growth of P. tricornutum, both in wild 

type and in mutants, but the optimization of the production of photosynthetic pigments is still underway. 

This optimization may lead to a greater control of production conditions, reducing the cost of cultivation 

and, consequently, the cost of the final product, attending only the needs that these diatoms require to 

produce the compound of interest (Fernandez & Galvan, 2007).  

1.3.2. Culture Media  

It is known that the growth rate and biochemical composition of microalgae varies depending not 

only on the culture media but also on other conditions (light, temperature, etc.). However, not only the 

chemical composition of the culture medium in nutritional terms is important for the cultivation of 

microalgae, but also the source of nitrogen (N) and carbon (C) (Fernandez & Galvan, 2007), the 

available CO2 and the pH of the medium, can influence the growth and production of bioactive 

compounds (reviewed in Alam, et al. 2020).  

In a study carried out by Guzmán-Murillo et al. (2007), several types of media were tested, with the 

control typically used, f/2 medium. Within all these media, the variant corresponded mainly to the type 

of supplemented N source (urea, ammonium nitrate, etc.). The results show that the simple fertilized 

media containing organic or inorganic N, can efficiently support the growth of P. tricornutum, compared 

to the standard f/2 medium. However, it was observed that some of these media promote an early death 

phase in the cultures, when compared to the control (Guzmán-Murillo, et al. 2007). One possible 

explanation may be that these fertilized media do not contain silica. This is an important compound for 

diatoms, since silica allows to maintain the integrity of the cell wall (Francius, et al. 2008). Since silica 

is not part of the constitution of these media or its presence in small amounts, the growth curve tends to 

be shorter (Guzmán-Murillo, et al. 2007; Francius, et al. 2008). Evidence allows to conclude that f/2 

medium supplemented with silica is one of the most suitable media for the growth of this diatom 

(Guzmán-Murillo, et al. 2007). 

1.3.2.1. Nitrogen Source: Sodium Nitrate, Urea and Ammonia 

Nitrogen (N) is one of the main nutritional requirements in cell growth for the majority of the 

organism, and its absence or excess can cause stress to organisms in culture. When this stress is applied, 

microalgae reduce cell division, since N is essential for normal cell metabolism. However, in addition 

to reducing cell growth, N also influences pigment synthesis (Couso, et al. 2012). 
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Sodium nitrate, urea and ammonia are the most frequently used sources of inorganic N to support 

the growth of Phaeodactylum species (Alipanah, et al. 2015). 

The assimilation of inorganic N consists of two separate steps, the first being in the cytoplasm 

(Nitrate (NO3
−) → Nitrite (NO2

−)) and the second in the chloroplast (Nitrite (NO2
−) → Ammonia 

(NH4
+)). NH4

+ is then incorporated into the carbon skeletons via glutamine synthase/glutamate synthase, 

two enzymes that play an essential role in the carbon metabolism (Alipanah, et al. 2015). 

A studied carried out by Glibert and co-workers (2016) demonstrated that diatom cultures 

supplemented with nitrate and urea, showed greater cell growth when compared to cultures 

supplemented with ammonia, which did not grow.  

Therefore, one of the biggest challenges for any microalgae production, in order to provide the 

optimum conditions for growth and production, is to choose the best N source. The problem with urea 

and ammonia remains on the fact that urea metabolism releases ammonia which is toxic to the cells and 

inhibits cell growth. At low concentrations, urea is a good N source for growth, however at high 

concentrations it has a negative effect due to the toxicity of products derived from the urea cycle (Gupta, 

et al. 2017).  

When cells are present in an environment rich in NH4
+ or NO3

-, they assume a greater preference for 

NH4
+. This occurs because the cells spend less energy transporting NH4

+ by the cell membrane than 

NO3
-, under optimal growth conditions. However, under conditions where NH4

+ exceeds optimal values 

(more than 10 µM), growth can be inhibited by the toxicity associated to this compound (Gupta, et al. 

2017). 

Besides that, light plays an important role and can have an opposite effect to that played by nitrogen. 

The interaction between light and nitrogen may affect the concentration of pigments and the increase or 

decrease of these concentrations is related to the photosynthetic capacity (Ramlov, et al. 2011; 

Parjikolaei, et al. 2013). To evidence that pigments are directly influenced, not only by light, but also 

by the nitrogen availability, Pereira (2012) indicates that in the months of less sunlight and higher 

nitrogen concentration, the pigment concentration is highest.  

1.3.2.2. Carbon Sources: Glycerol and Glucose 

As previously mentioned, diatoms such as P. tricornutum have the ability to grow in both 

photoautotrophic and mixotrophic systems (reviewed in Garcia, et al. 2005). However, the 

photoautotrophic system adopted for production on an industrial scale, has a biomass productivity 

limited by the self-shading of cells when cultures reach high cell density (Ceron, et al. 2006). 

Thus, a mixotrophic cultivation can be introduced as an alternative. This type of growth is 

characterized by the combined interaction of light and an organic carbon source, which promotes the 

growth and increase the biomass production (Ceron, et al. 2006; Garcí, et al. 2000; Liu, et al. 2009; 

Garcia, et al. 2005). This type of cultivation requires low light intensities, which in itself is an advantage, 

given the reduction of the cost with energy (Sevilha, et al. 2004).  
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The most used carbon sources are glycerol, glucose and acetate (Hayward, 1968; Garcí, et al. 2000; 

Garcia, et al. 2005; Ceron, et al. 2006; Liu, et al. 2009; Villanova, et al. 2017). In a study carried out by 

Liu and co-workers (2009), it was found that the addition of these three carbon sources significantly 

increased the culture growth rate. However, the same study observed that this same addition led to a 

reduction in the content of chlorophyll a and carotenoids, when compared to the photoautotrophic 

cultivation. This hypothesis may be justified by the fact that these carbon sources have an important 

impact on the energy metabolism of cells, such as respiration and photosynthesis, and not on pigment 

synthesis. The same authors observed that when organic carbon sources are added to the cultures of P. 

tricornutum, the parameters associated with photosynthetic efficiency, such as photosynthetic oxygen 

evolution rate, pigment content, among others, were reduced. These carbon sources significantly 

increased respiration rates, enhancing the biomass content (Liu, et al. 2009).  

The addition of carbon sources to microalgal cultures does not seem to favour the production of 

photosynthetic pigments, as this type of supplementation allows to increase the production of lipids and 

fatty acids. One of the major applications of this system is the production of biofuels by algae, such as 

biodiesel, bioethanol and biohydrogen, with different microalgal species producing different high-value 

products (reviewed in Márquez-Rocha, et al. 2019). However, other conditions such as light intensity 

(He, et al. 2015; Nzayisenga, et al. 2020) and nitrogen-limiting cultivation also influenced lipid 

accumulation (Juergens, 2016). 

1.5. LIGHT 

1.5.1. Light Intensity 

Photosynthetic organisms such as microalgae tend to adopt protection strategies against the stress 

factors to which they are exposed in their natural habitat, being the light one of the stresses that strongly 

influence pigment production (Garcia, et al. 2005). Knowing that pigments have a photoprotective role, 

these organisms have the ability to regulate their pigment amount in a short time as light intensity change 

(Garcia, et al. 2005). For example, some studies have shown that with high light intensity (HL), there is 

an increase in photoprotective carotenoids and a decrease in fucoxanthin, the opposite occurs when cells 

are exposed to low light intensities (LL) (Stolte, et al. 2000; Falkowshi & Chen, 2003; Nymark, et al. 

2009).  

 

1.5.2. Light Quality 

Diatoms can adopt two different ways of lifestyle: pelagic state, where they circulate freely in the 

water column; or benthic, being found sessile at the bottom of the sea (Garcia, et al. 2005). Different 

habitats have different characteristics, and therefore cells tend to adapt their morphology and physiology 

to survive in these conditions (Garcia, et al. 2005; Lavaud, et al. 2004). Thus, different diatoms stages 
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of life may be subject to different light intensities and light spectra, considering the depth at which they 

are found in the water column (Kuczynska, et al. 2015).  

Yang and co-workers (2020) demonstrate in P. tricornutum that with the induction of blue light 

(BL) it is possible to increase the production of fucoxanthin. However, for cell growth better results 

were obtained when there is a mixture of red and blue (6:1). Jungandreas et al. (2014) found that the 

change from BL to red light (RL) results in a slight decrease in the growth rate in 48 hours, while the 

change from RL to BL caused a total growth inhibition for 24 hours. It also demonstrates that the first 

response of diatoms to a change in light conditions is carbon allocation, that is, a reorganization of the 

distribution of carbon in the cells (Jungandreas, et al. 2014). This evidence occurs when is switch RL to 

BL. In this situation, the carbon is directed towards protein synthesis, and when the opposite happens, 

BL to RL, occurs the accumulation of carbohydrates, thus hypothesizing that changes in the spectrum 

of light promote a metabolic reorganization of cells (Jungandreas, et al. 2014).  

In addition to the light quality affecting cells in the cellular context, it also has the ability to change 

at the molecular level. According to Coesel et al. (2008b), BL can control the expression of several 

genes in the carotenoid synthesis pathway, especially PSY. Valle and co-workers (2014) demonstrates 

in P. tricornutum, that genes associated with the synthesis of fucoxanthin such as LCYB have a higher 

level of transcripts when exposed to green light (GL) and RL. In the same study, it was concluded that 

GL and RL are strong inducers of genes associated with light-harvesting proteins and photosynthetic 

electron transport (Valle, et al. 2014). BL, on the other hand, seems to be a strong inducer of genes 

linked to cell photoprotection, such as light damage repair genes and genes associated with ROS 

scavenging (Valle, et al. 2014). This evidence reveals that the spectral quality of light can have a great 

influence on the regulation of the expression of genes involved in cell protection and pigment synthesis 

(Coesel, et al. 2008a). 

1.5.3. Light/Dark Cycle 

The day and night cycle, is a natural phenomenon in all habitats on Earth and it is possible to assume 

that most organisms on the planet can regulate their metabolic activities, considering the variation of the 

diurnal cycle (Ragni & d’Alcalà, 2007). 

The organisms, from animals to plants, tend to individually respond to the diurnal rhythms and the 

genes that control the endogenous clock are different, conferring changes at the level of transcription, 

translation and post-translation (Ragni, 2005; Ashworth, et al. 2013). The existence of these rhythms in 

cyanobacteria supports the evidence that the circadian cycle had followed the evolution of species since 

the ancestral organism, and algae may have assumed this evolutionary component during secondary 

endosymbiosis (Ragni, 2005). 

Many marine microorganisms, such as phytoplankton, have been studied by the diel cycle in 

metabolic processes, such as pigment content (Fábregas, et al. 2002; Ragni & d’Alcalà, 2007), cell 

division (Ragni & d’Alcalà, 2007; de Winter, et al. 2017) and nitrogen assimilation (Fábregas, et al. 
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2002; Clark, et al. 2002). The majority of these studies used cycles of artificial lighting in order to 

simulate the daily variations of light in the ocean. 

As mentioned above, light is a very important factor in the production of pigments. Ragni & 

d’Alcalà (2007) found, in P. tricornutum cultures, a continuous increase in the intracellular 

concentration of pigments during the light period, with a decrease during the dark phase. In addition to 

the increase in pigments during the light phase, this is accompanied by an increase in the cell growth 

rate, which tends to be constant or decrease during the dark period, indicating a possible control of the 

light on the cell cycle progression (Fábregas, et al. 2002; Kromkamp & Claquin, 2005; Ragni & 

d’Alcalà, 2007; de Winter, et al. 2017).  

Ragni and d’Alcalà (2007) believe that the decreased efficiency of the use of light for growth and 

production of pigments, is a consequence that can occur when cells are transferred to continuous light 

systems (removal of the dark phase), which makes it difficult to organize the metabolic pathways that 

are synchronized with day and night, also decreasing the efficiency of the cells' response to stress. 

In addition to the influence of the photoperiod on cell growth and pigment synthesis, its action on 

nitrogen assimilation has also been studied (Fábregas, et al. 2002; Clark, et al. 2002; Kromkamp & 

Claquin, 2005).  

As previously mentioned, cells assume a preference for certain nitrogen sources depending on the 

energy cost of membrane nitrogen transport (Gupta, et al. 2017). Thus, it can be assumed that when the 

cell reduces its metabolism, it opts for the use of nitrogen sources that require less energy expenditure 

(Gupta, et al. 2017). This evidence indicates that nitrate transport and its consequent reduction to 

ammonia at the intercellular level appear to be limiting steps and are under rigid internal regulation 

(Clark, et al. 2002). 

Clearly, the light/dark cycle has an important role in the modulation of the response by the 

diatoms, and the cells tend to adapt their metabolisms as a consequence of the induced stress and the 

culture conditions to which they were exposed (Clark, et al. 2002; Ragni & d’Alcalà, 2007). 
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1.6. OBJETIVES 

In this thesis project, the main objective is to evaluate the effect of various N and C sources on 

cell growth, fucoxanthin production and cell viability in cultures of the model diatom Phaeodactylum 

tricornutum. These parameters will be evaluated by performing optimizations of the culture medium 

with different sources and concentrations of N and C, from microscale assays to 50 mL cultures, using  

tools for design of experiments (DoE).  Additionally, a chromatographic characterization of the ethanol 

extract of P. tricornutum by TLC and HPLC will be performed. Preliminary studies of the day/night 

cycle will be carried out to follow the variation of fucoxanthin during a 24h photoperiod, where cultures 

will grow with different concentrations of N, in order to understand the role of N and light, 

simultaneously, in the synthesis of this pigment. Furthermore, genetic expression studies will be 

performed by semi-quantitative RT-PCR, which will allow to observe the possible influence of N 

concentration and cell growth curve on the expression of target genes (LCYB and PSY) of the 

fucoxanthin synthesis pathway. To assess the cell viability of cultures when exposed to different 

concentrations of N, observations will be made by optical microscopy, using the Neutral Red staining 

technique. 
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2. MATERIALS AND METHODS 

2.1. Culture Conditions of Phaeodactylum tricornutum  

 

2.1.1. Culture Characterization  

The strain Phaeodactylum tricornutum CCAP 1055/1 used in this work was acquired from the 

Culture of Collection of Algae and Protozoa (CCAP), Scottish Association for Marine Science 

Laboratory. 

The non-axenic P. tricornutum culture was maintained at a constant temperature of 19.5 ºC ± 1 ºC 

under a cycle of 16 hours of light and 8 hours of darkness, with a light intensity of approximately 30 

μmol photons m-2 s-1, under continuous agitation in an incubator (Agitorb 200IC, Aralab, Portugal) at 

110 rpm. The cultures were grown in 250 ml Erlenmeyer flasks with biological replicates, with the 

culture volume corresponding to 1/5 of the Erlenmeyer volume. Cultivation was done in f/2 medium 

supplemented with silica (hereinafter referred as “basal medium”) (Guillard R.R.L., 1975). The medium 

was prepared by adding Instant Ocean salts (Aquarium Systems, France), monobasic sodium phosphate 

(NaH3PO4.2H2O), sodium metasilicate (Na2SiO3.9H2O), trace elements (Na2EDTA, FeCl2.6H2O, 

CuSO4.5H2O, ZnSO4.7H2O, CoCl2.6H2O, MnCl2.4H2O and Na2Mo4.2H2O), vitamins (Cyanocobalamin, 

Thiamine and Biotin) to bidistilled water (concentration of each component is described in Appendix 

1). The nitrogen or carbon sources, changed according to the experimental setting as described below. 

To proceed to the subculture, 25 % of inoculum and 75 % of fresh medium were added to an 

Erlenmeyer flask, in sterile conditions, in a biological safety laminar flow hood (Faster Bio48, UK). For 

all cultures to be tested with different concentrations of nitrogen or carbon sources, the initial inoculum 

came from a culture with a basal sodium nitrate (NaNO3) concentration (0,882 mM).  

 

2.1.2. P. tricornutum Growth Curve 

The growth curves of P. tricornutum were generated using three distinct methods for different 

assays.  In a first assay, the screening of several nitrogen and carbon sources was carried out in 6-well 

plates, using optical density (OD) reading at 595 nm to establish the growth curves. Then, after selecting 

the best nitrogen and carbon sources, for scale up to 50 mL Erlenmeyer cultures, the curves were 

generated by cell counting under the optical microscope (first scale up test) and OD readings at 750 nm 

(following scale up tests). The different assays are further described below. 
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2.1.2.1. Optical Density Reading at 595 nm  

In the 6-well plate assay (see subchapter 2.2.1.), growth curves were established by reading the OD 

at a wavelength of 595 nm. The cultures were followed up for 7 days, with readings in all days, with 

independent triplicates for each experimental set. 

The readings were performed on the FLUOstar OPTIMA microplate reader (BMG Labtech, 

Thermofisher, USA). The absorbance readings were the result of the average of three automatic direct 

readings for each well.  

 

2.1.2.2. Cell Counting  

Growth curves were established for the microalgae Phaeodactylum tricornutum. In a preliminary 

assay of NaNO3 concentrations from 0 mM to 8.82 mM, 50 mL Erlenmeyer cultures were initiated, with 

biological duplicates for each test condition. The counts were performed on days 0, 2, 5, 6 and 7.  

A volume of 20 μL was taken from each culture and used for counting. The number of cells in each 

aliquot was counted in the hemacytometer or Neubauer chamber (Hirschmann, Germany), with 16 small 

squares of 0.25mm x 0.25mm each, creating a large square with the total area of 1 mm2 and a depth of 

0.1 mm. The chamber was filled with 10 μL of culture on each side, and the samples were observed 

under a microscope (Leica DM6 B, Germany). When necessary, the samples were diluted with medium 

to maintain physiological conditions of the cells. 

To calculate the number of cells per mL, the following formula was used: 

 

𝑁°𝑐𝑒𝑙𝑙𝑠/𝑚𝐿 =  
𝑀𝑒𝑎𝑛 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 × 1000 𝑚𝑚ᵌ

0,1 𝑚𝑚ᵌ
 

Note:  

1000 mm3, represent the volume of 1 mL (1 mL = 1000 µL = 1000 mm3). 

0.1 mm3, represent the volume of one large square (Volume (0.1 mm3) = Depth (0.1 mm) x Area (1 

mm2)) 

2.1.2.3. Optical Density Reading at 750 nm  

An assay to establish growth curves for P. tricornutum grown with NaNO3 concentrations from 

0.882 mM to 35.28 mM was performed by using triplicates for each experimental set. A volume of 600 

µL of each culture was centrifuged at 10,000 g for 3 minutes (Centrifuge 5425, Eppendorf, Germany). 

The supernatant was discarded, and the pellet resuspended in 600 µL of the respective growth medium 

(corresponding to the different NaNO3 concentrations). The OD readings at 750 nm were performed on 
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a 96-well microplate in the microplate reader (EPOCH2, BioTek, USA), with three independent 

readings of 200 µL per well. Readings were taken every two days for 20 days, including day 0. When 

necessary, the samples were diluted with growth medium to maintain physiological conditions of the 

cells. OD values at 750 nm should vary between 0.1 and 0.8 (Wang, et al. 2018).  

To obtain the exact OD value of the culture, the value obtained by the microplate OD reading on 

the equipment, must be substituted in the equation of the correlation line at 750 nm. This equation 

represents the correlation between the microplate and the cuvette. This conversion is important since the 

values obtained from the OD reading are representative of a cuvette reading, however the reading 

performed in our case occurred in a microplate. By replacing the y-value of the equation by the OD 

value, the real value in microplate will be obtained (see subchapter 2.4.1.) (Wang, et al. 2018).  

 

2.2. Modifications to the basal culture conditions 

 

2.2.1. Screening of Carbon and Nitrogen sources:  6-well plate assay 

In order to understand how the sources of nitrogen and carbon may influence the growth and 

production of fucoxanthin in cultures of P. tricornutum, an initial screening of 6-well plates with a total 

volume of 5 mL of culture was performed, with an initial inoculum of 25 %. The nitrogen sources tested 

were sodium nitrate (0.183, 0.441, 0.882, 3.528 and 8.82 mM), ammonium chloride (0.183, 0.441, 

0.882, 3.528 and 8.82 mM) and urea (5, 10, 20, 40 and 80 mM). The carbon sources were glucose (3, 6, 

30 and 60 mM) and glycerol (25, 50, 75 and 100 mM). As a control, cultures growing in f/2 medium 

supplemented with silica without nitrogen or carbon source were used. Each concentration was done in 

triplicate. The different media are described in Table 2.1. 
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Table 2.1. Composition of the 24 media prepared for screening on 6-well microplates from different sources of 

nitrogen (N) and carbon (C). The type of medium was the same for all (f/2+Si), changing only the concentrations 

of N or C. Control represents f/2 medium supplemented with silica, without N or C source (hereinafter referred as 

“f/2+Si without N or C”). The symbol * represents the basal concentration of NaNO3 for P. tricornutum growth 

(hereinafter referred as “basal concentration”). 

  Type of medium [Nitrogen] mM [Carbon] mM 

Nitrogen 

Sources 

Sodium Nitrate f/2+Si 

0.183 

0.441 

0.882* 

3.528 

8.82 

- 

- 

- 

- 

- 

Ammonium 

Chloride 
f/2+Si 

0.183 

0.441 

0.882 

3.528 

8.82 

- 

- 

- 

- 

- 

Urea f/2+Si 

5 

10 

20 

40 

80 

- 

- 

- 

- 

- 

Carbon Sources 

Glycerol f/2+Si 

- 

- 

- 

- 

25 

50 

75 

100 

Glucose f/2+Si 

- 

- 

- 

- 

3 

6 

30 

60 

Control f/2+Si - - 
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In order to ascertain the effect of each source of nitrogen or carbon and the respective 

concentrations, the cultures were grown with only one source, with no combination of two distinct 

sources (no interaction between nitrogen-nitrogen or nitrogen-carbon). The different concentrations of 

each source were achieved using stock solutions described in Appendix 1. The initial inoculum of P. 

tricornutum originated from a single culture of 50 mL growing in a basal medium (f/2 medium 

supplemented with silica and 0.882 mM of sodium nitrate). 

On the 7th day of the cultures, the biomass was collected and fucoxanthin was extracted for analysis 

by High Pressure Liquid Chromatography (extraction and analysis method described in subchapters 

2.3.1. and 2.3.3, respectively). 

 

2.2.2. Nitrogen Source: Scale-up to 50 mL of culture 

In this work, various concentrations of NaNO3 were tested in P. tricornutum cultures in order to 

evaluate the effect on growth and production of fucoxanthin. For that, different concentrations of sodium 

nitrate (0, 0.183, 0.220, 0.441, 0.882, 1.176, 3.528, 7.056, 8.82, 17.64 and 35.28 mM) were used, in 

addition to the concentration of 0.882 mM, the basal concentration, which was considered as a basis for 

comparison. The type of medium for all cultures was f/2 supplemented with silica, with no changes to 

any of the remaining constituents. The final NaNO3 concentration of each culture was achieved using a 

50 mM NaNO3 stock solution (Appendix 1). 

In a preliminary assay, cultures with NaNO3 concentrations from 0 mM to 8.82 mM were followed 

only for 7 days of the growth curve, by counting the cells. After the results of this initial test, cultures 

with NaNO3 concentrations from 0.882 mM to 35.28 mM were assessed every 2 days during 20 days of 

growth, by reading the OD at 750 nm.  

 

2.3. Analysis of Photosynthetic Pigments 

 

2.3.1. Extraction of fucoxanthin for chromatographic analysis 

First, the cells were separated from the culture medium by centrifuging at 3,000 g for 15 minutes 

(Allegra X-12R Centrifuge, Beckman Coulter, USA), and discarding the supernatant. Then, the cells 

were resuspended in 500 µL of distilled water to wash the salt residues of the culture medium. Cells 

were centrifuged at 3,000 g for 15 minutes and the pellet was frozen in liquid nitrogen, to promote cell 

lysis. The frozen cells were weighed, and 100% ethanol (Carbo Erba, Spain) was added in a 1:30 ratio 

(fresh weight in mg: µL EtOH). After adding the solvent, the samples were placed in the water bath at 

45 °C for 2 hours in the dark, with vortex homogenization every 30 minutes. Finally, the samples were 

centrifuged at 3,000 g for 15 minutes and filtered using a 0.22 µm nylon syringe filter (VWR, USA). 

Eppendorf’s with ethanolic extract were sealed with parafilm and stored at -80 °C to prevent evaporation 

of the solvent, until analysis. 
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2.3.2. Analysis of ethanolic extract by Thin Layer Chromatography (TLC) 

As a preliminary indication, a TLC was performed in order to verify the presence of pigments that 

constitute the ethanolic extract of P. tricornutum. 

A 7x7 cm silica gel plate (TLC Silica Gel 60 F254, Merck Milipore, Germany) was used on which 

a 1 cm wide baseline was drawn. Points were scored on the line for the application of commercial 

standards and samples. The standards of neoxanthin, violaxanthin, lutein, beta-carotene and fucoxanthin 

(Sigma-Aldrich, USA) were used.  

For the separation of the pigments, a mobile phase consisting of hexane and acetone (70:30% v/v) 

was used. The compounds were observed, under natural light, when the front of the eluent reached the 

line drawn 1 cm from the top of the silica plate.  

 

2.3.3. Quantification of fucoxanthin by High Pressure Liquid Chromatography (HPLC) 

The extracts described above were analysed with an Alliance 2695 HPLC System equipped with a 

Photo Diode Array (PDA) 2996 detector (Waters Corporation, USA) using a C18 reverse phase column 

with 5 μm particle size, 150x3.9 mm (Delta PAK, Portugal). The HPLC equipment was programmed to 

compose a mobile phase with a solvent A of milli Q water and a solvent B of acetonitrile (Sigma-

Aldrich, USA). The gradient starts with 80% B and 20% A over 1 minute, changes to 100% B in 8 

minutes and maintains for 3 minutes. In 2 minutes, it returns to the initial conditions (80 B:20 A gradient) 

and equilibrates for 6 minutes, at a flow rate of 0.5 mL per minute. The chromatogram was recorded 

using the PDA detector at 445 nm. The column temperature was 24°C and the sample was 4°C, in order 

to avoid evaporation of the solvent. A volume of 10 µL of sample was injected. 

A fucoxanthin standard (ref 16337-1MG, Sigma-Aldrich, USA) was used to perform a calibration 

curve in a concentration range from 1.87 mg/L to 30 mg/L (1.87, 3.75, 7.5, 15, 30 mg/L), using a stock 

solution of 1 mg/mL.  

The automated integration software Empower 3 was used for data processing. Results were then 

expressed as mg of fucoxanthin per litter.  

 

2.3.4. Relative Quantification of Fucoxanthin  

Wang and co-workers (2018) developed a method to assess the concentration of fucoxanthin in 

ethanolic extracts of P. tricornutum. This is a spectrophotometric method in which the concentration of 

fucoxanthin in algae cells is determined by measuring the absorbance of the cell culture at 750 nm, 

discarding the background noise of the optical density of the cells and other pigments. The ethanolic 

extract was measured at 445 and 663 nm, maximum absorption for fucoxanthin and chlorophyll a, 

respectively. 
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The formula was created for analysis of cell culture or extract in cuvette, however the authors 

created a correlation between cuvette and microplate. The use of a microplate allows the simultaneous 

measurement of 96 samples, reducing the amount of plastic to use, the cost, solvents volume and cell 

culture, as well as the time spent on readings. Nevertheless, the authors recommend that the correlation 

between cuvette and microplate needs to be adapted to the laboratory conditions of each study. The 

authors also refer that this spectrophotometric method has an error of less than 5%, compared to HPLC 

analysis, and has the advantage of being faster, user-friendly and less costly. 

 

[Fucoxanthin] mg/L = 6.29 x A445 – 5.18 x A663 + 0.312 x A750 – 5.27 

Note:  

This formula was used for the relative quantification of fucoxanthin on all the tests carried out 

afterwards, as described below, since these assays had a large number of samples to analyse.  

2.3.4.1. Correlation Cuvette vs. Microplate 

The cultures used to monitor the production of fucoxanthin during the growth curve contained 

different concentrations of NaNO3 (0.882, 8.82, 17.64 and 35.28 mM). Because of that it was necessary 

to verify whether the absorbance at wavelengths 445, 663 and 750 nm, varied according to the 

concentrations of NaNO3 added, in order to apply the formula described by Wang and co-workers 

(2018). For this purpose, the three absorbance values of the different media were measured in a 96-well 

microplate. As the absorbance values at the various wavelengths did not show clear differences, only a 

culture of 50 mL of P. tricornutum was initiated with the basal concentration of NaNO3 (0.882 mM). 

The culture was followed for 9 days, with measurements at day 0 (day of inoculation), 1, 3, 5, 7 and 9, 

thus following the entire growth curve that includes the log, exponential and stationary phase. 

To carry out the measurements, 3.6 mL of culture were collected into two 15 mL tubes. The culture 

was centrifuged at 3,000 g for 5 minutes (Allegra X-12R Centrifuge, Beckman Coulter, USA) and the 

supernatant was discarded. One of the pellet’s was resuspended with a basal concentration of NaNO3 

medium, with equal (3.6 mL) or higher volume, if necessary, to dilute. The absorbance values at 445 

nm and 663 nm must be between 0.2 and 1, while for 750 nm between 0.1 and 0.8 (Wang, et al. 2018). 

If the values did not belong to the indicated intervals, it would be necessary to dilute. In the other tube, 

the pellet was resuspended with equal (3.6 mL) or higher volume, if necessary to dilute, of 100% ethanol. 

Both tubes were vortexed for 1 minute and the tube with the cell suspension in ethanol was wrapped in 

aluminium foil to protect the pigments against light degradation.  

From each tube, a 3 mL volume was taken for cuvette reading on the spectrophotometer 

(NanoDrop2000C, Thermofisher, USA) with three independent readings of 1 mL per cuvette, and 600 

µL for reading on a 96-well microplate in the microplate reader (EPOCH2, BioTek, USA), with three 

independent readings of 200 µL per well. In both for cuvette and microplate, absorbance at 750 nm was 
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measured for the cell suspension in medium and absorbance at 445 nm and 663 nm for the cell 

suspension in ethanol. For the same wavelengths, blanks were measured, at 750 nm the medium with 

basal NaNO3 concentration and at 445 nm and 663 nm, 100 % ethanol. 

After the measurements, a graph was created where a linear equation was adjusted (y = mx + b) for 

each wavelength. The first point of each line was normalized, corresponding to the first measurement 

of the cell suspension at 750 nm. The ordinate at the origin (b) of the linear equation was discarded, 

given that the calibration coefficient is the essential factor (slope of the line: y = mx). 

2.3.4.2. Extraction of fucoxanthin for formula application 

To measure the fucoxanthin concentration of the samples to be tested, the same procedure described 

above was performed, however readings were only performed on a 96-well microplate. 

Volumes of 600 µL of each culture were taken into 2 mL Eppendorf tubes (VWR, USA). After 

centrifugation, the supernatant was discarded, and the pellet resuspended in 600 µL of medium 

(corresponding to the different NaNO3 concentrations) or 600 µL of absolute ethanol. Cell suspensions 

were vortexed for 1 minute. A volume of 200 µL, of each Eppendorf tube, was transferred to three wells 

and 200 µL of each of the blanks (medium and ethanol). The absorbance was read at 445 nm, 663 nm 

and 750 nm, as indicated above. 

To calculate fucoxanthin concentration, the calculation method to apply the formula is described 

in Appendix 2.  

 

2.4. Bioinformatic Analyses  

 

2.4.1. Prediction Models for Medium Optimization – Modde® 12.1 

In order to better understand the data obtained on the 6-well plate assay and find the best 

concentration and source of nitrogen or carbon to grow the cells and produce fucoxanthin, the data 

collected from the optical density at 595 nm and the concentration of fucoxanthin obtained by HPLC, 

were introduced in the software Modde® 12.1 (Sartorius, Germany). This software is a design of 

experiments (DoE) software that allows to optimize the experimental set and observe the interactions 

between different factors, predicting the best result, based on the data obtained experimentally. 

Considering the experiments carried out, each response was fitted using the Partial Least Squares (PLS) 

method. This is a method that builds predictive models, developing a linear regression model where the 

predicted and observed variables are projected, in a new space.  Thus, models were made for each of the 

nitrogen and carbon sources individually, and for the interactions between the nitrogen and carbon 

sources. 
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2.4.2. Statistical Analyses: Student’s t-test and Mann-Whitney’s test  

Data regarding the growth and fucoxanthin production were analysed between cultures growing 

with the control  condition, on each assay, and cultures with the f/2+Si medium modified with different 

N and C sources. The differences between the conditions were tested using the Real Statistics software 

as a Microsoft Excel 2016 Supplement (Microsoft Corporation, Redmond, Washington, EUA). The 

normal distribution of independent samples was analysed using the Shapiro-Wilk´s test, whereas the 

homogeneity of variances was assessed using the Levene’s test. When the assumption of homogeneity 

of variances was not accomplished, a correction was performed using the Welch’s t-test. p < 0.05 was 

considered as a statistically significant difference. 

When the assumption of normal distribution was not accomplished for the independent samples, 

the Mann-Whitney’s test was used, instead the student’s t-test. p < 0.05 was considered as a statistically 

significant difference.  

 

2.5. Light/Dark Photoperiod Assay 

In order to evaluate how the concentration of fucoxanthin and cell growth varies during the 

photoperiod, triplicates of the cultures of P. tricornutum grown in medium with the basal concentration 

(0.882 mM) and 10-fold sodium nitrate (8.82 mM) were started. The initial inoculum of all cultures 

under study, came from a single culture growing at basal medium. The cultures were all grown at the 

same time, under the same conditions of temperature, light and agitation. There was no prior adaptation 

of cultures to dark or continuous light. The assay was carried out for 24 hours between the 4th and 5th 

days of the cultures, allowing to evaluate the effect of sodium nitrate during the exponential phase. In a 

photoperiod of 16h light and 8h dark, samples were extracted every two hours under sterile conditions, 

for a total of seven points in the first light phase, four points in the dark phase and two points in the 

second light phase, with a total duration of 24 hours. During the dark phase, it was necessary to turn off 

all the artificial lights to prevent any cells' response to light. In order to enable the sampling, a LED 

lamp with absorption in the green region was used during this period. The spectral light has a major 

influence on the chloroplast of photosynthetic organisms such as algae, with red and blue light playing 

a key role in activating pigment synthesis. Thus, the green light was used to prevent this activation to 

occur in the dark period of the assay. 

The absorption spectrum of the lamp was previously analysed using the lighting detector Spectral 

PAR Meter PG100 N (UPRTek, Taiwan). 

The analysis procedure of fucoxanthin is described in subchapter 2.3.4.2.  
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2.6. Gene Expression Analysis 

2.6.1. Primer Design - Exon-Exon Junction Method 

 

When performing Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) analysis, one of 

the most relevant problems is contamination with genomic DNA. The presence of this contaminant in 

the samples can lead to overestimation of the RNA, reduction of the specificity of the primers or even 

false-positive results (Apte & Daniel, 2009). Thus, one of the strategies to adopt when is doing RT-PCR 

is to design specific primers for cDNA sequences in which the gDNA is not amplified. One of these 

methods is called exon-exon spanning (Apte & Daniel, 2009). These primers are designed for one half 

of the primer to hybridize at the 3' end of an exon and the other half at the adjacent exon, in genes that 

contain introns. These primers have the unique feature of binding to cDNA and not gDNA, eliminating 

any amplification by contamination with gDNA. In this method, only one of the primers needs to be 

designed covering the exon-exon junction, and the other primer can be designed entirely on top of a 

single exon (Apte & Daniel, 2009).  

Siaut and co-workers (2007) conducted a study on P. tricornutum where they identified the best 

reference genes from which the Cyclin-Dependent Kinase A (CDKA) and TATA Binding Protein (TBP) 

gene were selected for this work. As the primers (CDKA and TBP) designed by Siaut and co-workers 

(2007) were not built with the exon-exon junction method, the reference of both genes was used for the 

design of new primers. In our study, the primers for the target gene Lycopene β-cyclase (LCYB) were 

designed with this method, while the primers for the target gene Phytoene Synthase (PSY) were designed 

by Skehan (2019) with same strategy.  

The primers design was based on the mRNA sequences from the National Center for Biotechnology 

Information database (NCBI https://www.ncbi.nlm.nih.gov/). Using the NCBI ORF Finder tool 

(https://www.ncbi.nlm.nih.gov/orffinder/), the initiation codon (ATG) and the stop codon (TGA) of the 

DNA sequence of each gene were located, identifying the coding sequence (CDS). The gDNA sequence 

for each of the genes was taken from two different databases, NCBI and JGI PhycoCosm 

(https://phycocosm.jgi.doe.gov/phycocosm/home). The CDS and gDNA taken from the two databases 

were aligned in the Multiple Sequence Alignment Clustal W tool (https://www.genome.jp/tools-

bin/clustalw), in order to confirm the homology of the sequences in both databanks and to check where 

the introns were located. Using the Primer 3 software (https://bioinfo.ut.ee/primer3-0.4.0/) the primers 

were designed, selecting the target region of the exon-exon junction. To observe the specificity of the 

primers, NCBI Primer Blast software (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) was used, 

using the Primer Pair Specificity Checking Parameters tool with RefSeq mRNA and for the species 

Phaeodactylum tricornutum CCAP 1055/1. 

The primers were synthesized by Eurofins Genomics´ service from NZYTech, Lda - Genes and 

Enzymes (Portugal) and the primers details are described in Table 2.2. 

 

https://bioinfo.ut.ee/primer3-0.4.0/
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Table 2.2. Primer sequences, annealing temperature, size of the amplicon and identification code for each gene on 

the NCBI database. 

Primer Primer Sequence Ta 
5 

(°C) 

Size 6 

(bp) 

Gene ID Code Reference 

CDKA 1 Fwd: TTAACGGGAGTGGCGTATTG 

Rev: CTGGCTAAACCGAAATCTGC 

57 116 XM_002180023.1 

 

Adapted 

from Siaut, 

et al. (2007) 

TBP 2 Fwd: CACACGGCTGGATTTAAAGAA 

Rev: TAGCACGGGGTTCACGTAAT 

57 104 XM_002186285 

 

Adapted 

from Siaut, 

et al. (2007) 

LCYB 3 Fwd: GCAACGTAGACAACGCCATC 

Rev: TCCATTGGAATGTCAAACGAT 

58 80 XM_002176576.1 

 

- 

PSY 4 Fwd: CGTTGCAGGCACAGTAGGATTG 

Rev: AGTGACAGTGCTGGTTCTCTTGC 

58 93 XM_002178740 

 

 

Skehan 

(2019) 

1 Cyclin-Dependent Kinase A; 2 TATA Binding Protein; 3 Lycopene β-cyclase; 4 Phytoene Synthase; 5 Annealing 

Temperature; 6 Product Size (Amplicon) 

 

2.6.2. Annealing Temperature Test  

In order to assess the optimal annealing temperature for each pair of primers, a standard Polymerase 

Chain Reaction (PCR) was performed with Taq Supreme NZYTaq II 2x Green Master Mix (MB36001, 

NZYTech, Portugal), with the final primer concentration of 0.25 µM. To test the new primers, cDNA 

(dilution 1:10) and gDNA from P. tricornutum, grown with the basal concentration of NaNO3, were 

used. The use of gDNA allowed to evaluate if the primers work correctly with the exon-exon junction 

method. The PCR cycle was as follows: initial denaturation at 95°C, for 5 minutes, followed by 35 

cycles of denaturation at 95°C for 30 seconds, annealing at 57°C for CDKA and TBP, at 58°C for LCYB 

and PSY, for 30 seconds, extension at 72°C for 40 seconds and final extension at 72°C for 10 minutes, 

with a final reaction volume of 15 µL. After the PCR reaction, all samples were run onto a 1.2% agarose 

gel in 0.5x TBE (Appendix 3) at 90V for 40 minutes and the NZY Ladder III molecular weight marker 

(NZYTech, Portugal) was used. The result of the gel was developed under UV light, using a DocEZ Gel 

Documentation System Gel (BioRad, USA). 

 

https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=219109715
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2.6.3. DNA Extraction  

The DNA was extracted from biomass of P. tricornutum. First, the cells were centrifuged at 1,500 

g for 10 minutes at room temperature (Allegra X-12R Centrifuge, Beckman Coulter, USA). The 

supernatant was discarded, and the collected cells were immediately frozen in liquid nitrogen. The fresh 

weight of the frozen biomass was recorded. Then, extraction was performed with the NZY Plant/Fungi 

gDNA isolation kit (NZYtech, Portugal), following the manufacturer's instructions. The concentration 

of extracted DNA was determined by spectrophotometry using NanoDrop2000C (Thermofisher, USA) 

at 260 nm. Its quality was analysed by electrophoresis in 0.8% agarose gel in 0.5x TBE (Appendix 3). 

Finally, the DNA was stored at -20ºC for future use. 

 

2.6.4. RNA Extraction 

P. tricornutum cultures were centrifuged at 3,000 g for 5 minutes at room temperature (Allegra X-

12R Centrifuge, Beckman Coulter, USA). After discarding the supernatant, the cells were resuspended 

in 1 mL of medium and the cell suspension transferred to a sterile Eppendorf tube, centrifuging at 10,000 

g for 3 minutes (Centrifuge 5425, Eppendorf, Germany). The supernatant was discarded, and the weight 

of the fresh biomass was recorded. For subsequent procedures, the biomass was adjusted to be between 

80 and 100 mg. The samples were frozen in liquid nitrogen.  

Since P. tricornutum has a silica frustule difficult to break, before starting RNA extraction, it was 

necessary to carry out some cell lysis procedures. For this, the cells were frozen in liquid nitrogen for 5 

minutes and thawed at room temperature for 5 minutes. This step was repeated three times. Then, 100 

µL of milli Q water, autoclaved twice, was added, in order to induce osmotic pressure lysis. The 

suspension was allowed to incubate for 5 minutes. In the fume hood, 300 µL of NZYol (NZYTech, 

Portugal) were added, vortexed for 20 seconds and incubated for 5 minutes. The cell suspension was 

centrifuged at 12,000 g for 15 minutes and the supernatant was transferred to a new tube. An equal 

volume of 100% ethanol was added to the tube and homogenized vigorously by pipetting. The RNA 

was extracted using the Direct-Zol RNA Extraction Kit (Zymo Research, USA), according to the 

manufacturer's instructions. For the treatment with DNase in column, the RNeasy Plant Mini kit 

(Qiagen, Germany) was used. 

The RNA was subjected to a second purification using the TURBO DNA-free kit (Invitrogen, USA) 

to remove the residual genomic DNA (gDNA). The procedure was performed according to the 

manufacturer's instructions. The treated RNA was used for precipitation. 

2.6.5. RNA Precipitation 

To the purified RNA, 5 µL of 3M Sodium Acetate at pH 5.2 (0.1 volume) and 125 µL of 100% 

ethanol (2.5 volume) were added. The solution was incubated overnight at -20 °C. After incubation, the 

solution was centrifuged at 10,000 g, 30 minutes at 4 ºC (Centrifuge 173OR Gyrozen, Korea). The 
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supernatant was removed and 500 µL of cold 70 % EtOH on ice was added. It was centrifuged for 

another 5 minutes, the supernatant was discarded, and the pellet was allowed to dry for 15 minutes. 

Then, the pellet was resuspended in 20 µL of milli Q water. The concentration of extracted, treated, and 

purified RNA was determined by spectrophotometry using NanoDrop2000C (Thermofisher, USA) at 

260 nm. Its quality was analysed by electrophoresis in 1.2% agarose gel in 0.5x TBE (Appendix 3). 

Finally, the RNA was frozen in liquid nitrogen and stored at -80 ºC for future applications. 

 

2.6.6. Standard Polymerase Chain Reaction (PCR) 

In order to assess the quality of RNA purification and the existence of possible contamination with 

genomic DNA, a PCR reaction was performed with the CDKA primer (Table 2.2.), using the GoTaq 

Flexi DNA Polymerase (M7805, Promega, USA). The PCR cycle was the following: initial denaturation 

at 95 °C for 2 minutes, followed by 35 cycles of denaturation at 95 °C for 1 minute, annealing at 57 °C 

for 30 seconds, extension at 72 °C for 10 minutes seconds and final extension at 72 °C for 10 minutes, 

with a final reaction volume of 10 µL. The final concentration of the different components of the reaction 

is described in Table 6.1. in Appendix. After the PCR reaction, all samples were run onto a 1.2 % agarose 

gel in 0.5x TBE (Appendix 3) at 90V for 40 minutes and the NZY Ladder III molecular weight marker 

(NZYTech, Portugal) was used. The result of the gel was developed under UV light, using a DocEZ Gel 

Documentation System Gel (BioRad, USA). 

2.6.7. cDNA Synthesis 

The PCR process via reverse transcriptase was performed, following the protocol ImProm II 

Reverse Transcriptase System (Promega, USA). The RNA was normalized to all samples at 200 ng. The 

RNA was added to the mixture of 0.5 μL of oligo dTs, 0.5 μL of random primers and water was added 

until the final volume was 5 μL. This solution was placed at 70 ºC for 5 minutes and quickly transferred 

to ice, where it was incubated for 5 minutes. For a total reaction of 20 µL, the reaction constituents were 

added according to the manufacturer's instructions. The final concentration of the different components 

of the reaction is described in Table 6.2. in Appendix. In the T100 ™ thermocycler (Bio-Rad, Portugal), 

the solution was incubated at 25 ºC for 5 minutes, 42 ºC for 1 hour and 70 ºC for 15 minutes. The 

complementary DNA (cDNA) synthesized was stored at -20 ºC for future use. 

2.7. Semi-Quantitative Reverse Transcriptase Polymerase Chain Reaction (sqRT-PCR) 

In order to analyse the variation of the target genes expression (PSY and LCYB) during the growth 

curve, biomass samples were taken from cultures of 50 mL of P. tricornutum growing with basal 

concentration (0.882 mM) and 10-fold (8.82 mM) NaNO3. Samples were collected on day 4, 7, 11 and 

18 of the curves. The RNA was extracted and treated. The cDNA was synthesized was mentioned above. 

The cDNA was diluted 10 times and 4 μL was used as template for the sqRT-PCR. The GoTaq Flexi 

DNA Polymerase (M7805, Promega, USA) was used, and in the T100 ™ thermocycler (Bio-Rad, 
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Portugal) the following thermal cycling conditions were performed: initial denaturation at 95 °C for 2 

minutes, followed by denaturation (95 °C for 1 minute), annealing (57 °C for TBP and CDKA; 58 °C 

for PSY and LCYB, for 30 seconds), extension (72 °C for 1 minute) and final extension of 72 °C for 10 

minutes. Different number of cycles were used (25, 26 and 28 cycles for TBP and CDKA; 23 and 25 

cycles for PSY and LCYB). As previously mentioned, to avoid gDNA amplification, primers designed 

with the exon-exon junction method were used (Table 2.2.). The TBP and CDKA genes from P. 

tricornutum were used as reference genes. The PCR product was loaded onto a 1.2% agarose gel 

(Appendix 3) and the gel was visualized on Gel Doc ™ EZ (Bio-Rad, USA). The areas of the bands 

visible on the gel were analysed by the image processing package Fiji-Image J (https://imagej.net/Fiji). 

The relative density was calculated using the ratio of the target gene/ reference gene area. 

 

2.8. Cell viability test 

To observe the effects caused by different concentrations of NaNO3 in the cultures of P. 

tricornutum, a cell viability test was performed with the dye Neutral Red 0.2 %. A volume of 20 µL of 

each culture (cells grown with 0.882, 8.82, 17.64 and 35.28 mM of NaNO3) was collected, to which 2 

µL of dye was added and incubated for 20 minutes, at room temperature, in the dark. A volume of 10 

µL of the stained culture was placed on a glass slide with a cover glass (VWR, USA) and observations 

were made under an optical microscope (Leica DM6 B, Germany). Photographs to document the 

observations were taken using the colorDMC4500 camera integrated into the microscope and processed 

using Leica LAS X software.  
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3. RESULTS AND DISCUSSION 

3.1. Analysis of the ethanolic extract from Phaeodactylum tricornutum 

To determine the composition of the ethanolic extract of P. tricornutum, initially, a TLC was 

performed, which allowed the preliminary assessment of the extract pigments. In addition, HPLC 

analysis was carried out with the same extract, to assess the presence of any compounds not detectable 

by TLC, as well as the identification of the pigments considering their retention time and peak co-

chromatography with the respective commercial standard.  

On the TLC, the pigments were separated using hexane and acetone (described in subchapter 2.3.2. 

on Materials and Methods), and several commercial standards for visual identification (Neoxanthin, 

Violaxanthin, Fucoxanthin, Lutein and β-carotene) were used. 

The TLC (Figure 3.1.A) showed three distinct pigments in concentrations high enough to be visually 

detected. Band A1 can possibly be identified as fucoxanthin, as it has a similar retention factor (Rf) to 

the fucoxanthin standard (FUC), however confirmation by HPLC is needed for correctly identify the 

pigment. Band A2 appears to be violaxanthin, as it has Rf similar to the second band of the 

corresponding standard (VIO), however it is not possible to identify it correctly. Band A3 has a green 

colour. Regardless the lack of commercial standard, studies previously performed in our laboratory 

demonstrate that this pigment detected is part of the chlorophylls group, however, with this technique it 

was not possible to identify the class of chlorophylls to which it belongs (chlorophyll a or c).  
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Figure 3.1. (A) Thin Layer Chromatography. White dashed line circles represent the bands of the commercial 

patterns. A1, A2 and A3 represent the bands of the ethanolic extract under analysis. Commercial Standards: NEO- 

Neoxanthin, VIO- Violaxanthin, FUC- Fucoxanthin, LUT- Lutein, β-C- β-Carotene. PHAE - ethanolic extract of 

P. tricornutum.  

(B) High Pressure Liquid Chromatography spectrum of the ethanolic extract of P. tricornutum 

(bottom) and peak absorption profile (top). (B1) Chlorophyll c1+c2, (B2) all-trans fucoxanthin, (B3) cis-

fucoxanthin, (B4) Diadinoxanthin and (B5) Chlorophyll a. The peaks B1, B4 and B5, require confirmation with 

commercial standard. 

 

 

 

Figure 3.2. HPLC spectra and respective absorption peak profiles of commercial standards. Wavelength- 445 nm. 

(A) all-trans and cis isomers of fucoxanthin; (B) Violaxanthin. 

A B 
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The same extract from the TLC was run on HPLC (Figure 3.1.B). In this analysis, a C18 reverse 

phase column was used in the HPLC equipment coupled to a PDA system (conditions described in 

subchapter 2.3.3. on Materials and Methods). The PDA system allows the visualization of the peak 

profiles, observed in Figure 3.1.B on the top. These profiles enable the analysis of the absorption peaks 

that characterize the compounds.  

There are few articles describing pigments that compose the extract of diatoms (Kraav, et al. 1992; 

Lohr & Wilhelm, 1999; Zapata, et al. 2000; Kosakowska et al. 2004). These reports describe different 

cultivation methods (light intensity/quality, nutrient supplementation, etc.) which can influence the 

pigment production. Nonetheless, in all studies the prevailing pigments are chlorophylls and 

fucoxanthin. In our ethanolic extract, peak A is a non-identified peak. Lohr & Wilhelm (1999) and 

Kosakowska et al. (2004), both observed a peak of a very polar pigment that appeared before the 

characteristic peak of fucoxanthin, which they identified as chlorophyll c1+c2. Observing the peak B1 

absorption profile in our sample (Figure 3.1.B on top), it was possible to distinguish two absorption 

peaks at wavelengths around 440 and 663 nm, a typical profile of chlorophyll c (Yacobi, 2012).  

Peak B2 and B3 were identified as all-trans and cis fucoxanthin isomers, respectively.  These were 

both identified by the commercial standard (Figure 3.2.A). Peak B2 has a higher peak area, which 

presupposes a higher concentration of the compound in the extract, being this also visible in the TLC 

(band A1 in Figure 3.1.A). The cis-fucoxanthin isomer, on the other hand, has a low concentration, 

being neither visible in the extract of P. tricornutum nor in the commercial standard on the TLC plate. 

Kuznestsova and co-workers (2017) demonstrates that this isomer shows a characteristic absorption 

peak at 330 nm, being clearly distinguished by its absorption profile compared to the trans isomer.  

Peak B4 may correspond to TLC band A2. The TLC technique does not detect low concentrations 

of pigments, so it may be assumed that when bands are detected on the TLC plate, it like corresponds to 

a high concentration of those pigments in the extract used, as observed for band A2 with an expressive 

peak in the HPLC (Peak B4 in Figure 3.1.B). This compound could  be violaxanthin, by visual 

comparison with the given standard on the TLC, however, the retention times in HPLC differ. Although 

the violaxanthin pattern (Figure 3.2.B) and peak B4 (Figure 3.1.B) both have a double absorption 

between 440 and 480, the retention times are 5.79 and 6.87 minutes, respectively. Thus, it can be 

concluded that peak B4 is not violaxanthin. In a study carried out by Lohr & Wilhelm (1999), the authors 

observed a peak after the fucoxanthin peak, which was identified as the pigment diadinoxanthin. This is 

a more non-polar compound than fucoxanthin due to the absence of the carbonyl group, and derived 

from neoxanthin, as well as fucoxanthin (Figure 1.5.). Therefore this peak could be diadinoxanthin, 

however confirmation with the appropriate standard is required.  

Peak B5 may correspond to band A3 of the TLC. From the HPLC peak profile (Peak B5 in Figure 

3.1.B), could be suggested that this pigment is chlorophyll, namely chlorophyll a, since P. tricornutum 

does not produce chlorophyll b. This evidence is supported by the HPLC peak profile, which 

demonstrate two characteristics peak absorbances of chlorophyll, at 430 and 663 nm (Figure 3.1., B5 on 
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top). The same peak was observed for different diatoms in the studies carried out by Lohr & Wilhelm 

(1999) and Kosakowska et al. (2004) for P. tricornutum and Zapata, et al. (2000) for Skeletonema 

costatum.  

Xia and collaborators (2013) also observed the same pattern of pigments produced for another diatom 

(Odontella aurita). 

 

3.2.  Screening of Carbon and Nitrogen Sources for Optimization of Growth and 

Fucoxanthin Production 

In this work, a 6-well microplate screening was performed, with biological triplicates, for various 

sources of nitrogen and carbon, in order to evaluate the effect of these compounds on cell growth and 

production of fucoxanthin by P. tricornutum. A concentration range of each of the nitrogen and carbon 

sources was used. Once the original f/2+Si medium developed by Guillard R.R.L. (1975), does not 

contain any carbon source, only the N source was removed from the original recipe in order to use as a 

control in this microplate assay.  Thus, the control used was a modified f/2+Si medium without addition 

of N or C sources, in order to exclude any influence of both sources in growth and fucoxanthin 

production. The P. tricornutum cells used, were not subjected to any previous adaptation to the different 

media formulation, growing only with f/2+Si medium supplemented with silica and basal concentration 

of NaNO3, according to Guillard R.R.L. (1975). It is known that the pigments produced by this diatom 

are carotenoids that absorb between 440 and 480 nm, and chlorophylls a and c, which have two 

absorption maxima between 430-440 and 663 nm. Therefore, to follow the cell growth, the wavelength 

used to read the optical density was 595 nm, where there is no absorption of any of the compounds 

produced. The same wavelength was used by Huete-Ortega (2018), who developed a study with 

Nannochloropsis oceanica and Phaeodactylum tricornutum, to assess cell growth. 

 

3.2.1. Nitrogen (N) Sources: Sodium Nitrate, Ammonium Chloride and Urea 

In order to assess the effect of the different N sources tested, cell growth was followed for 7 days 

through OD readings at 595 nm. 

Figure 3.3. shows the growth curves of the cultures growing in f/2+Si medium with different  

concentrations of sodium nitrate (NaNO3), ammonium chloride (NH4Cl), urea (CH₄N₂O) or in control 

conditions (f/2+Si without N or C source). 
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Figure 3.3. Growth curves for 7 days of growth, of the concentration range for each of the nitrogen sources. 

Control represents cultures that have grown in modified f/2+Si medium, without N or C. (n = 3) 

For NaNO3 and NH4Cl media, as the concentration of these two nitrogen sources increases, the 

optical density gradually increases, with the maximum OD achieved at the concentrations of 3.528 mM 

to NaNO3 and 0.882 mM to NH4Cl, in the last days of the curve.  

These results are very similar, and it is difficult to draw conclusions on which of the nitrogen sources  

maximize cell growth. It is noteworthy that these results may not be the same as when the cultures are 

grown in flasks (Haire, et al. 2018). Therefore, it is necessary to confirm these results, scaling up the 

cultures under analysis. However, it is possible to state that the addition of both sources of nitrogen 

favoured cell growth. On the 7th day, the t-test for independent samples showed that differences in cell 

growth were statistically significant when was added the concentration of 3.528 mM of nitrate to cultures 

(nitrate concentration with higher growth), compared to the control (t(4)=13.69; p < 0.001). However, 

for the concentration of 0.882 mM of ammonia (ammonia concentration with higher growth), the t-test 

for independent samples indicated that the differences were not significant compared to the cultures 

without N, besides the beneficial effect in growth (t(4) =2.28; p = 0.08). These results indicate that the 

cultures may have a greater capacity for assimilation of nitrate, compared to ammonia.  

Urea can decompose when exposed to heat sources, becoming one of the problems associated with 

its  use for cultivation of microalgae. Urea must be added aseptically after sterilization (Andersen, 2005; 

Podevin, et al. 2015). Urea is converted to bicarbonate and ammonium by enzymatic conversion.  

White deposits appeared at the bottom of the wells (Figure 3.6.B), which compromised the reading 

of the optical density. This is probably due to the fact that the f/2+Si medium was autoclaved with urea. 
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Thus, it was not possible to assess the effect of urea on cell growth. However, a study developed in our 

laboratory by Fontebasso (2021), who added sterile urea after the f/2+Si medium was autoclaved, 

observed that the growth of P. tricornutum was not enhanced by the addition of 1x urea, compared to 

the commercially used basal medium (f/2+Si medium supplemented with 1x nitrate) (unpublished data). 

After 7 days of growth, the microplates were photographed in order to observe the colour variation 

of the cultures supplemented with different types and concentrations of N sources (Figure 3.4.-3.6). 

The browner cultures correspond to the ones supplemented with 3.528 mM and 0.882/3.528 mM of 

nitrate and ammonia, respectively (Figure 3.4.). The addition of any of the concentrations under study 

from both sources had a positive effect on the cultures when compared to the control (Figure 3.5.). As 

for cultures supplemented with urea (Figure 3.6.), it was possible to observe that, after 7 days, the densest 

cultures correspond to the lowest concentrations (5 and 10 mM). This evidence may be justified by the 

fact that the urea metabolism releases ammonia into the medium, becoming toxic to cells, inhibiting the 

growth (Glibert, et al. 2016). Thus, higher concentrations (more than 10 mM) of urea induce a negative 

effect on cultures.  

In addition, it was possible to observe that at the highest concentrations of ammonium chloride and 

urea, on the 7th day, which could be cell aggregates or cell debris (Figures 3.4.B and 3.6.). This may be 

a response of the cultures to the toxic conditions of growth, forming cell aggregates in an attempt to 

survive on the environment where they are growing or a process of cell lysis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Microplates with cultures supplemented with sodium nitrate (A) and ammonium chloride (B), on the 

7th day of growth. Concentrations are in ascending order, from top to bottom (0.183, 0.441, 0.882, 3528 and 8.82 

mM, for both N sources). 
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Figure 3.5. Microplate with control cultures f/2+Si without N or C, on the 7th day of growth. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. Microplates with cultures supplemented with urea, with a white background (A) and with a dark 

background (B), on the 7th day of growth. Concentrations are in ascending order, from top to bottom (5, 10, 20, 

40, 80 mM). 

 

3.2.2. Carbon (C) Sources: Glucose and Glycerol 

In order to assess the effect of the different carbon sources tested, cell growth was followed for 7 

days through OD readings at 595 nm. 

Figure 3.7. shows the growth curves in f/2+Si medium modified with a concentration range tested 

for glycerol (C3H8O3) or glucose (C6H12O6).  

The results obtained in Figure 3.7. indicate that the addition of carbon sources in N-deprived cultures 

do not favour the cell growth, compared to the control cultures. It also was possible to observe that over 

the 7 days, there was a slight increase in OD, however the addition of C sources does not represent a 

visibly positive effect on growth, in general. On 7th day of growth, the t-test for independent samples 

demonstrated that none of the glycerol concentrations added to the cultures, resulted in significant 

differences in growth compared to the control. However, for glucose, on the 7th day of growth, the t-test 

demonstrated the effect of glucose addition in the culture growth, compared to control, except for the 

concentration of 60 mM where the differences were not significant (t(4)=2.52; p = 0.06). It is also 
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observed that higher concentrations of glycerol (> 50 mM) tend to inhibit the growth. This evidence is 

noted in Figure 3.8A., in which the cultures have a very light colour, similar to the control (Figure 3.5.). 

Figure 3.7. Growth curves followed for 7 days, of the concentration range for each of the carbon sources. Control 

represents cultures that have grown without any source of nitrogen or carbon. (n = 3)  

Other studies demonstrated that the addition of glycerol stimulates growth of P. tricornutum, 

compared to the cultures in photoautotrophic regimen, without addition of nutrients (Ceron, et al. 2006), 

which indicates that the use of a nutrient rich environment is an optimization strategy to grow diatoms. 

However, the authors noted that high concentrations of glycerol (> 100 mM) inhibited growth (Ceron, 

et al. 2006; Huete-Ortega, et al. 2018). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Microplates with cultures supplemented with glycerol (A) and glucose (B), on the 7 th day of growth. 

Concentrations are in ascending order, from top to bottom (glycerol: 25, 50, 75 and 100 mM; glucose: 3, 6, 30 and 

60 mM). 
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3.2.3. Fucoxanthin Production 

 On the 7th day of the growth curve, an ethanolic extract was prepared for the cultures growing with 

the various sources of nitrogen (Sodium Nitrate and Ammonium Chloride) and carbon (Glycerol and 

Glucose), using biological triplicates for each condition. Cultures growing at f/2+Si without nitrogen or 

carbon (Control) were also evaluated. Cultures supplemented with urea were discarded, given the 

circumstances mentioned above. 

The ethanolic extracts were analysed by HPLC and the commercial standard of fucoxanthin was 

used to identify the pigment of interest. The results are shown in Figure 3.9., in mg of fucoxanthin per 

litter of culture (mg/L). 

By analysing Figure 3.9., it was possible to observe that the cultures with higher concentration of 

fucoxanthin correspond to the cultures that also show the highest cell growth rate (Figure 3.3.), and 

consequently a more intense brown colour (Figure 3.4.), which correspond to the concentrations of 3.528 

and 0.882 mM nitrate and ammonia, respectively. Similar results were reported by García, et al. (2005), 

who suggest that the increase in pigment content is dependent on the increase of biomass concentration. 

For both nitrogen sources, it is possible to notice that the concentration of fucoxanthin increases 

proportionally with the concentration of  nitrogen , until 3.528 and 0.882 mM with sodium nitrate and 

ammonium chloride, respectively, decreasing afterwards. On the 7th day of growth, the t-test for 

independent samples demonstrated that the addition of either of the two N sources, regardless the 

concentration, always had beneficial effects on fucoxanthin production as compared to the control. In 

contrast, the independent addition of the two C sources, regardless the concentration, did not lead to 

differences in fucoxanthin production when compared to the control. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. Fucoxanthin concentration for the range of concentrations in different sources of nitrogen and carbon, 

analysed by HPLC, on the 7th day of the curve. Standard deviation represents the analysis of three biological 

replicates. Concentration of Fucoxanthin represented in mg of fucoxanthin per litter of culture. Control represents 

cultures that have grown in f/2+Si without N or C sources. (n=3) 
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This evidence is consistent with other studies. For example, in a study carried out by McClure and 

co-workers (2018), it was observed that the increase in nitrate supplementation in the f/2 medium, 

significantly increases the concentration of fucoxanthin produced, as a response of cells to the 

availability of nitrate. The same authors also demonstrated that the addition of 10-fold in phosphate did 

not promote the production of this pigment, indicating that the nitrogen source may be limiting for the 

production of pigments by algae (McClure, et al. 2018).  

As observed in Figures 3.5. and 3.8., which show the photographs of microplates of the cultures 

growing with f/2+Si without N or C and the cultures supplemented with glycerol and glucose, 

respectively, the cultures have a very light colour, consistent with reduced cell growth (Figure 3.7.) and 

low fucoxanthin production (Figure 3.9.).  

In the absence of N, the proteins associated with the light harvesting complexes are poorly 

expressed and their downregulation promotes a low absorption of light. The decrease in photosynthetic 

activity inhibits carbon fixation, and the assimilation of carbon is compensated by the high accumulation 

of lipids (Yang, et al. 2014). This evidence indicates that the N starvation does not favour the production 

of pigments but promotes the production of lipids, being an advantage for the production of biodiesel.  

Thus, it is evident that in order to increase the production of fucoxanthin in P. tricornutum cultures 

it is crucial to consider two factors: the type N source and the concentration added, since very high 

concentrations may become toxic to the cells and low concentrations do not enhance pigment 

production.  

 

3.3. Prediction of the interaction between N and C sources by “Design of Experiments” (DoE) 

To predict the interaction between the N and C sources of biological screening systems in 

microplates, the “DoE” approach using Modde® v.13 software (Sartorius) was used. The optical density 

at 595 nm and the fucoxanthin concentration (mg/L) were used as response parameters for the predictive 

models.  

Figure 3.10. represents the prediction plots for each one of the sources of N (Sodium Nitrate and 

Ammonium Chloride) and C (Glycerol and Glucose), individually, in the two responses analysed. With 

the increase in the concentration of N sources (Figure 3.10. A and B), the models do not predict 

perceptible changes in the concentration of fucoxanthin, however a gradual increase in OD was observed 

with the increase in N concentration, showing the effect of N in cell growth. On the contrary, the models 

predict, for both C sources, a similar pattern of a decrease in the concentration of fucoxanthin and the 

OD, as the concentration of the C sources increases (Figure 3.10. C and D). It is necessary to emphasize 

that, in order to have an optimization model, it would be necessary to find, experimentally, the 

concentration limits that respond as extremes for biological systems, where the objective is to reach a 

solution in which the response is within the specification limits (minimum and maximum limits), so that 

the models could robustly predict the response, and whose predictions can be applied to maximize both 

growth and fucoxanthin. 
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Figure 3.10. The prediction plots of “Design of Experiment”. The solid line represents the predicted value, while 

the dashed line represents the upper and lower limits of the confidence interval (95%). Predicted responses of 

Fucoxanthin (mg/L) and Optical Density (λ = 595 nm) for (A) Sodium Nitrate, (B) Ammonium Chloride, (C) 

Glycerol, (D) Glucose.  
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Figure 3.11. demonstrates the contour plots of factor interaction (N versus C sources) and the 

prediction of responses when both factors interact. The colour system represents the predicted response 

when the interaction of factors occurs. A beneficial interaction is considered the red colour. Blue colour 

represents values in which the interaction has a negligible effect. In all plots, the model's behaviour is 

similar and demonstrates that in order to obtain high OD and fucoxanthin values, high concentrations of 

N sources and low concentrations of C sources will be necessary. For example, Garcí (2000) noted that 

when a N source is added to cultures growing with a C source, such addition favours growth, much more 

than the cultures growing only with carbon source.  

Thus, the prediction models analysed allow us to conclude that the addition of glycerol or glucose 

does not contribute positively to cell growth and fucoxanthin production by P. tricornutum cells. Given 

the results obtained, the scale up tests were performed for N source.  
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Figure 3.11. Response contour plots of factors interaction, showing effect of Optical Density (λ = 595 nm) and 

Fucoxanthin (mg/L). (A) Glycerol and Sodium Nitrate, (B) Glucose and Sodium Nitrate, (C) Glycerol and 

Ammonium Chloride, (D) Glucose and Ammonium Chloride, (D) Glucose and Ammonium Chloride. 
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3.4. Scale-up of the cultures supplemented with N source 

By analysing the models of each of the N sources (Figure 3.10. A and B), it is not clear which is the 

best source to choose. Differently, it would be advantageous to choose NH4Cl because the best results 

were obtained with a lower concentration (0.882 mM), compared to NaNO3 (3.528 mM), reducing the 

associated costs. As previously mentioned, NH4
+ is preferentially assimilated by cells as compared to 

NO3
- (Glibert, et al. 2016). On the contrary, it is not evident that supplementation of one or another source 

of N will be energetically beneficial for the increase in biomass (Grobbelaar, 2004). Thus, the nitrogen 

source chosen for the following tests was sodium nitrate, since it is already one of the constituents of the 

f/2 medium for the cultivation of diatoms. Different concentrations of this nitrogen source were used to 

scale up the cultures for 50 mL. 

 

3.4.1. From N-free cultures to 10-fold NaNO3 supplementation 

3.4.1.1. Growth Curve 

The scale-up assay for  P. tricornutum cultures in 250 mL flasks was performed using biological 

duplicates from a wide range of concentrations, from N-free cultures (0 mM) to cultures supplemented 

with 10-fold NaNO3 (8.82 mM). Like in the microplate assay, the growth of the cultures was followed 

over 7 days, establishing growth curves by counting the number of cells under the microscope (Figure 

3.12.). In this study, the growth was evaluated through cell counting, to minimize the culture harvesting 

in order to perform further extractions of fucoxanthin for HPLC, at the end of the growth period (7th day). 

The initial inoculum for all cultures came from a single culture growing under basal conditions (0.882 

mM of NaNO3), with the average initial number of cells at day 0 being 3.04x106 ± 2.91x104 cells/mL for 

all cultures. 

 

Figure 3.12. Growth curves of the 50 mL cultures supplemented with various concentrations of Sodium Nitrate. 

Curves were followed at day 0, 2, 5, 6 and 7, after inoculation. The number of cells is represented in cells per 

millilitre. (n=4) 
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It was possible to observe that cultures not supplemented with NaNO3, presented a relatively short 

growth curve, ceasing growth from day 5. As predicted in the model of Figure 3.10.A for the OD, the 

higher the concentration of NaNO3, the greater is the cell growth. The addition of NaNO3 tends to show 

an acceleration of cell growth early on the curve. When the NaNO3 concentration is higher, it was 

observed that the number of cells is greater in the first days at the growth. For example, on day 2, cultures 

with 10-fold NaNO3 had approximately 2-fold cells (1.03x107 cells/mL) than cultures without 

supplementation of this nutrient (5.12x106 cells/mL). 

The basal concentration of NaNO3 in the f/2 medium is 0.882 mM. It is a concentration that allows 

to maintain cell growth without this nutrient becoming a limiting factor for the cells, for 7 or 8 days of 

growth. After this time, due to lack of available nutrients, the cell division will be reduced, and the 

number of dead cells will increase (McClure, et al. 2018). It was observed that on the 7th day, cultures 

with 10-fold nitrate (8.82 mM), approximately doubled in number of cells (2.28x107 ± 2.76x105 

cells/mL), compared to the cultures growing with 0.882 mM of NaNO3 (1.38x107 ± 7.93x104 cells/mL). 

The t-test for independent samples showed that, on the 7th day, the growth in these two types of 

supplementations is statistically different (t(6)=62.62; p < 0.001). Thus, in the range of concentrations 

studied, it is evident that the greater the availability of N in the medium, the more favoured is the growth. 

This evidence can also be observed in Figure 3.13., which represents the cultures on the 7th day.   

 

 

Figure 3.13. 50 mL culture flasks supplemented with various concentrations of Sodium Nitrate, on the 7 th day of 

growth. Concentrations are in ascending order, left to right, from 0 mM to 8.82 mM. 

3.4.1.2. Fucoxanthin Production 

On the 7th day, the above-mentioned cultures were subjected to ethanol extractions to quantify 

fucoxanthin by HPLC. The results are shown in Figure 3.14. Xia and collaborators (2013) demonstrated 

that one of the best organic solvents for extracting fucoxanthin is ethanol, in a ratio of 30 µL to 1 mg of 

algal biomass. The same authors observed that, for a greater increase in yield, extraction should be carried 

out at 45ºC for more than 60 minutes (Xia, et al. 2013). Thus, in this study the same procedures were 

adopted, in order to maximize the extraction of fucoxanthin. 

It was possible to observe that as the NaNO3 concentration increase, the concentration of fucoxanthin 

also gradually increases. The concentration of this pigment was relatively low (around 1 mg/L) at lower 

NaNO3 concentrations, when compared to fucoxanthin produced by cultures with the nitrate 

concentration of 0.882 mM (basal concentration) (Figure 3.14.). An interesting fact is that the cultures 

with 10-fold NaNO3 produced, on average, 2 times more fucoxanthin than cultures with 1-fold NaNO3 

    0 mM          0.183 mM    0.220 mM    0.441 mM   0.882 mM   1.176 mM   3.528 mM   7.056 mM   8.82 mM 
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concentration, with a fucoxanthin productivity on day 7 of 1.23 and 0.59 mg/L/day, respectively. This 

clear increase in production was also observed in a bioreactor study by McClure and co-workers (2018), 

who evaluated the role of different media in the production of fucoxanthin in P. tricornutum. The authors 

observed that fucoxanthin productivity at day 7 was much higher for cultures growing with 10-fold nitrate 

(2.16 mg/L/day) than a basal concentration f/2 medium (0.64 mg/L/day). The same study demonstrates 

that the increase of other factors such as light intensity and/or the concentration of carbon dioxide, did 

not contribute to the increase in the production of fucoxanthin, being the most influential factor the high 

addition of  nitrate to the cultures (McClure, et al. 2018). 

 

Figure 3.14. Fucoxanthin concentration of the cultures supplemented with f/2+Si medium modified with different 

concentrations of Sodium Nitrate, on 7th day of growth. The concentration was quantified by HPLC using a 

standard curve with a pure fucoxanthin standard. Fucoxanthin expressed in mg of Fucoxanthin per litter of culture. 

(n=2) 

 

3.4.2. From Basal to 40-fold NaNO3 Supplementation 

Nitrate concentrations higher than 10-fold (8.82 mM) were also tested. Biological triplicates were 

used for each experimental condition, and the growth curves were followed for 20 days, in order to reach 

the stationary phase. In this assay, the growth curves were followed by reading the OD at 750 nm, with 

three independent readings of 200 µL for each well, on a 96-well plate. The OD readings were performed 

at 750 nm in order to follow the growth curves and to calculate the fucoxanthin produced using the 

formula described by Wang, et al. 2018 (see subchapter 2.3.4. in Materials and Methods).  
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3.4.2.1. Cell Growth  

Figure 3.15. shows the growth curves over 20 days, for cultures with high concentrations of NaNO3. 

All cultures started growth with an average OD of 0.657 ± 0.03 (which corresponds approximately to 

1.92x106 ± 9.23x104 cells/mL). 

  

Figure 3.15. Growth curves of P. tricornutum cultures supplemented with 0.882 (1-fold), 8.82 (10-fold), 17.64 

(20-fold) and 35.28 (40-fold) mM of NaNO3. Curves followed for 20 days by reading OD at 750 nm. (n=9) 

As shown by McClure et al. (2018), the concentration of 0.882 mM NaNO3 in cultures of P. 

tricornutum, only allows growth for 8 days, with a decline in the availability of nutrients, cell growth is 

no longer supported. Our results demonstrated that after 9 days, cultures with the basal concentration of 

NaNO3, entered the cell death phase, with a gradual decrease in OD, until the 20th day. On day 9, when 

OD at 750 nm was maximum for cultures supplemented with the basal concentration of nitrate (0.882 

mM), the t-test for independent samples showed that there was an effect on growth when 8.82 mM (10-

fold) of nitrate was added to the cultures, compared to the addition of 0.882 mM (1-fold) of nitrate 

(t(16)=14.23; p < 0.001). Cultures with 10-fold nitrate grow, approximately, two times more (day 9, OD750 

nm (8.82 mM) = 7.62 ± 0.57) when compared to cultures with 1-fold nitrate (day 9, OD750 nm (0.882 mM) 

= 4.38 ± 0.37). 

Cultures supplemented with 8.82 mM (10-fold) and 17.64 mM (20-fold) of NaNO3, obtained the 

greatest cell growth rate, and cultures with 10-fold nitrate, obtaining the highest OD values. Cultures 

supplemented with these concentrations showed a significant increase in cell growth over the days, 

reaching the stationary phase at day 15 and 13, for concentrations of 8.82 mM and 17.64 mM, 

respectively. Comparing the two concentrations, it may be suggested that the concentration of 17.64 

mM, 20-fold nitrate, showed an apparent toxicity in the culture, given that it reached the stationary phase 

earlier, however further studies are necessary to confirm this hypothesis. The t-test for independent 

samples showed that there were differences in cell growth between cultures supplemented with 

concentrations of 8.82 mM and 17.64 mM of nitrate, at 15th of growth, the day when the OD was 
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maximum for the concentration of 10x nitrate (t(16)=15.18; p < 0.001). Cultures with 10-fold nitrate have, 

on average, 1.5 times more cell density (OD750 nm (8.82 mM) = 11.71 ± 0.46), when compared to cultures 

with 20-fold nitrate (OD750 nm (17.64 mM) = 7.91 ± 0.59). Thus, becomes evident the clear beneficial 

effect of adding a concentration of 8.82 mM nitrate to P. tricornutum cultures to optimize cell growth. 

The cultures supplemented with 40-fold nitrate (35.28 mM) showed a behaviour similar to the 

cultures with basal concentration. However, in cultures with 40-fold nitrate, the response given by the 

decrease in OD will not be due to the total consumption of nitrate in the medium but may be due to the 

excess of toxic metabolites produced by N metabolism. This evidence may be justified by the fact that 

nitrate is assimilated, converted to nitrite and later to ammonia (Alipanah, et al. 2015), which in high 

concentrations is inhibitory to cell growth (Glibert, et al. 2016). By working with a concentration of 

35.28 mM NaNO3, we are supplementing 3 g/L of N to the cultures, inducing toxicity and possibly 

causing physiological stress to the cells.  

Other studies have been performed to evaluate the role of other sources of N in cell growth. For 

example, Fontebasso (2021) carried out a study, in our laboratory, where cultures of P. tricornutum were 

supplemented with different N sources. The authors observed no differences in the growth of cultures 

when supplemented with 1-fold nitrate, 1-fold urea or 1-fold ammonium carbonate. As for cultures 

supplemented with nitrate, greater growth was observed when cells were supplemented with 10-fold 

nitrate, compared to 1-fold nitrate (unpublished data), corroborating also the results obtained in this 

thesis.  

 

On days 0, 3 and 5, photographs were taken of the flasks containing 50 mL of culture, in the various 

experimental conditions. In Figure 3.16., it was possible to observe the brown colour intensification in 

the cultures and the clear differences between the various concentrations. On the 5th day it was found 

that the first and last flasks, which correspond to 0.882 mM and 35.28 mM, respectively, have a similar 

colour, with a parallel behaviour in the growth curves (Figure 3.15.). The concentrations of 10 and 20-

fold nitrate (2nd and 3rd flasks) resulted in darker colours in the cultures, showing similar results both 

in colour (Figure 3.16.) and in cell growth (Figure 3.15.). 
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Figure 3.16. 50 mL cultures supplemented with 1, 10, 20 and 40-fold NaNO3, on the day of inoculation (day 0), 

and on the 3rd and 5th day after the start of growth. 

3.4.2.2. Fucoxanthin Production 

Along the growth curve, the relative concentration of fucoxanthin produced by the cultures under 

analysis was evaluated. For this, the method described by Wang and co-workers (2018) was used, which 

developed a formula specially designed for the quick and easy quantification of fucoxanthin in diatoms. 

The formula developed by the authors is applied to absorbance readings in cuvette for the wavelengths 

at 445, 663 and 750 nm. In order to facilitate the readings of several different experimental conditions, 

the authors developed a correlation between cuvette readings on a spectrophotometer and plate readings 

on a microplate reader. The same study draw attention to the fact that there is a need to optimize this 

correlation for each study and the material to be used. For this purpose, in our study, a correlation was 

made between 1 mL cuvette´s and 96-well plates, adapted to the material and equipment in the 

laboratory. Since the samples to be analysed contained media with different constitutions (more 

specifically the concentrations of NaNO3), it was necessary to read the absorbance in the three 

wavelengths indicated above, for the different media. The results are displayed in Table 3.1. The 

absorbance values of the various media were quite similar, and therefore, it was decided to perform only 

one correlation, using the concentration of 0.882 mM NaNO3, following the curve for 9 days, which is 

equivalent to adaptation, exponential and stationary phases. 
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Table 3.1. Absorbance values of the media used with the various concentrations of NaNO3, at wavelengths of 445, 

663 and 750 nm. 200 µL were  added to a 96-well plate. Readings (n =2) performed on the EPOCH 2 microplate 

reader (BioTek). Mean ± Standard Deviation. 

Wavelength 
[NaNO3] 

0.882 mM 8.82 mM 17.64 mM 35.28 mM 

445 nm 
 

663 nm 

 

750 nm 

0.089 ± 7.07E-04 

 

0.080 ± 2.12E-03 

 

0.084 ± 1.41E-03 

0.090 ± 7.07E-04 

 

0.081 ±0.00E+00 

 

0.086 ± 7.07E-04 

0.090 ± 2.83E-03 

 

0.081 ± 1.41E-03 

 

0.085 ± 2.12E-03 

0.089 ± 7.64E-04 

 

0.081 ± 8.66E-04 

 

0.085 ± 7.64E-04 

   

The correlation between cuvette versus microplate readings is shown in Figure 3.17. The 

correlations for each wavelength were normalized to the 1st point of the 750 nm correlation, which 

corresponds to the OD reading at 750 nm, on day 0 of the culture. The ordinate at the origin was 

discarded as it was not essential to assess the correlation. Through the observation of Figure 3.17., it 

was possible to verify that there is a good correlation between the values (R2> 0.9), with the calibration 

coefficients of 0.605, 0.724 and 0.288 for Abs445, Abs663 and Abs750 nm, respectively. 

 

Figure 3.17. Correlation between OD readings in cuvette (spectrophotometer) and in 96-well plate (Microplate 

Reader). The symbols “⚫”, “◼”, “” represent the wavelengths of 445, 663 and 750 nm, respectively. 

The concentration of fucoxanthin for each sample under analysis was calculated as indicated in 

Appendix 2 and the results are shown in Figure 3.18. Negative values obtained by calculating the 

formula were concentrations of fucoxanthin not detectable by this method, which were equivalent to 

values less than 2 mg/L, in our study. For this reason, the concentration of fucoxanthin only started to 

be detected from day 3 of growth, for all cultures. It stopped being detected on day 11 and day 13 of 

cultures supplemented with basal concentration and 40-fold nitrate, respectively. 
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Similar to was observed in the previous test (Figure 3.14.), on day 7 of growth, the day when 

fucoxanthin concentration reaches a maximum for cultures supplemented with the basal concentration 

of nitrate (0.882 mM), the t-test for independent samples showed that there is an effect on fucoxanthin 

production when 8.82 mM (10-fold) of nitrate is added to the cultures, compared to the addition of 0.882 

mM (1-fold) nitrate (t(16)=13.73; p < 0.001). Cultures with 10-fold nitrate produce, on average, 2-fold 

fucoxanthin ([fucoxanthin]8.82 mM= 15.45 ± 1.65 mg/L) when compared to cultures with 1-fold nitrate 

([fucoxanthin]0.882 mM= 7.16 ± 0.74 mg/L). However, the day of maximum production corresponded to 

day 13 of the cultures supplemented with 10-fold NaNO3 (29.69 mg/L). The t-test for independent 

samples showed that there were differences in fucoxanthin production between cultures supplemented 

with concentrations of 8.82 mM (10-fold) and 17.64 mM (20-fold) of nitrate, on the 13th day of growth, 

the day when production is maximum for both the concentrations (t(16) =2.15; p = 0.047). Cultures with 

10-fold nitrate had higher fucoxanthin production ([fucoxanthin]8.82 mM= 29.69 ± 2.97 mg/L), when 

compared to cultures with 20-fold nitrate ([fucoxanthin]17.64 mM = 27.38 ± 1.25 mg/L). However, there 

were no differences, during cell growth, in the production of fucoxanthin between cultures supplemented 

with concentrations of 0.882 mM  and 35.28 mM of nitrate, except for day 11, when the differences 

were significant between both types of supplementations. Since the concentration of 0.882 mM nitrate, 

on day 11, did not follow a normal distribution, the Mann-Whitney non-parametric test for independent 

samples was performed. The test showed that there were significant differences between cultures 

supplemented with 1 and 40-fold (U=11; p = 0.007). Cultures with 40-fold nitrate had, approximately, 

2 times more fucoxanthin ([fucoxanthin]35.28 mM= 4.44 ± 0.77 mg/L) on this day, compared to 1-fold 

nitrate cultures ([fucoxanthin]0.882 mM= 2.50 ± 0.96 mg/L).  

Using the same method developed by Wang, et al. (2018) to quantify the relative concentration of 

fucoxanthin, Fontebasso (2021) observed that different sources of N contribute differently to the 

production of fucoxanthin. In cultures of P. tricornutum, the author found that the highest concentrations 

of this pigment were obtained in cultures supplemented with 10-fold NaNO3, on the 12th day of growth, 

for a total of 18 days. On day 8, the fucoxanthin concentration of these cultures was 1.5-fold higher than 

cultures with basal NaNO3 concentration, similar to the observations in our study. As stated for cell 

growth, the addition of other N sources (urea and ammonium carbonate) does not benefit the production 

of this pigment (unpublished data). 

The observed OD and fucoxanthin results indicate that optimization of growth and fucoxanthin 

production is possible when nitrate is added in a factor of 10 to cultures, suggesting which may be a 

toxic effect of higher concentrations of this N source in both responses evaluated. 



58 
 

 

Figure 3.18. Average fucoxanthin concentration in cultures supplemented with 0.882 (1-fold), 8.82 (10-fold), 

17.64 (20-fold) and 35.28 mM (40-fold) of NaNO3. Concentration calculated using the formula developed by 

Wang, et al. 2018. Fucoxanthin represented in mg of fucoxanthin per litter of culture. (n=9) 

3.5. Ligh Assay 

 It is known that light strongly affects diatom cultivation not only the presence or absence of light 

is important, but also its quality and intensity. Guo and collaborators (2016) demonstrated the effects of 

light intensity on the production of fucoxanthin and cell growth. The best results for fucoxanthin were 

obtained with low intensities of 10 to 30 µmol/m2/s, however none of the light intensities studied had 

significant effect on the cell growth. Yang & Wei (2020) also found that the intracellular content of 

fucoxanthin decreases when the light intensity exceeds 30 µmol/m2/s. Considering these reported 

results, the reference limit (30 µmol/m2/s) was used in our study.  

The next assay aimed at determining whether fucoxanthin is produced in a constant manner 

throughout the light/dark cycle, under different N concentrations.  

 

3.5.1.  Light/Dark Photoperiod Cycle  

A study was carried out to follow cultures of P. tricornutum during the light (16 hours) and dark (8 

hours) phase, evaluating cell growth and fucoxanthin concentration over 24 hours. The cultures were 

followed from the 4th to the 5th day of growth, which represents the initial exponential phase for the 

cultures under study. Given the physiology of diatom cells, the cell adaptations can be observed 

throughout the growth, from the exponential, stationary phase and decline/death phase (Vidoudez & 

Pohnert, 2012). However, the appropriated phase to assess the cell's response to stress factors in terms 

of pigment production is during the exponential phase (Vidoudez & Pohnert, 2012). For this purpose, 

biological triplicates of cultures supplemented with 1 and 10-fold NaNO3 were used, to observe whether 

the availability of N could also influence the growth and concentration of fucoxanthin, throughout the 
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light and dark phases. Fucoxanthin was quantified using the method developed by Wang and co-workers 

(2018).  

Through the analysis of Figure 3.19., it was observed that cultures with 1-fold NaNO3 (0.882 mM) 

did not show variations in the concentration of fucoxanthin over the photoperiod. On the contrary, in 

cultures with 10-fold nitrate, a gradual increase was observed over the light phase, reaching a maximum 

of 4 hours before the dark phase, with a decrease in concentration afterwards. Four hours before the 

light turns on, there is a new increase in the production of fucoxanthin, following the light phase (Figure 

3.19.). For both cultures, cell growth remained constant throughout the cycle, contrary to what was 

observed by Ragni & d’Alcalà (2007), who detected constant levels in growth during the light phase 

and an increase during the dark. 

 

 

Figure 3.19. Variation of fucoxanthin concentration over the day/night cycle. The light/dark cycle was followed 

for 24 hours in cultures with 1-fold (0.882 mM) and 10-fold (8.82 mM) NaNO3. Fucoxanthin (FX) concentration 

is represented in mg of fucoxanthin per litter of culture. Bars indicate the concentration of fucoxanthin. Grey 

dashed lines indicate the growth curves by reading OD at 750 nm. Standard deviation represented by biological 

triplicates of each experimental condition. (n=3) 

These variations between the light and dark phases in the fucoxanthin concentration suggest that 

during the night, pigment synthesis ceases, hypothesizing that throughout this period the synthesis 

pathways are inactive, or the components are diverged for use in other mechanisms (Ragni & d’Alcalà, 

2007). A possible anticipation of the light/dark cycle was observed in our study (Figure 3.19), where it 

was found that 4 hours before the light phase starts, fucoxanthin synthesis begins, which suggests the 

activation of photoprotective carotenoid production in order to defend cells from the light damage. A 

similar evidence was proposed by Ashworth, et al. (2013), who observed that during the dark period, 

genes encoding photosynthetic enzymes and genes involved in protein synthesis were overexpressed, 
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indicating that there is an anticipation of the diurnal cycle, since there is a positive regulation of 

photosynthetic genes that precede the light phase (Ashworth, et al. 2013). Also, other studies indicate 

that these biological clocks seem to allow cells to anticipate abiotic variations and therefore efficiently 

synchronize cellular activities to survive in less favourable conditions or to limit physiological activities 

considering the time of day (Ragni, 2005; Ragni & d’Alcalà, 2007).  

Studies dating to the 80s and 90s (Raimbault & Mingazzini, 1987; Vergara, et al. 1998) 

demonstrated, that in P. tricornutum cells growing in a medium with sufficient N, the extracellular 

nitrate content increases during the night, which seems to indicate a low assimilation of this compound 

during this period. During the day, the nitrate present in the medium decreases, suggesting the beginning 

of the nitrate reductase enzyme activity after the end of the dark period. Also was found that at the end 

of the dark phase and the beginning of the light phase, nitrate is accumulated by the cells, but it is not 

readily metabolized. Although the mechanism by which nitrogen influences pigment synthesis is 

unknown, it has previously been observed that nitrogen plays an important role in the production of 

fucoxanthin (Figure 3.18.). Thus, it is possible to hypothesize that the low assimilation of this nutrient 

during the dark phase may reduce pigment synthesis, leading to a reduction in the concentration of 

fucoxanthin during this period. Later, studies performed by Clark, et al. (2002) and Fábregas, et al. 

(2002), corroborate these previous results of variations in pigment production during day/night cycle, 

as observed by Raimbault & Mingazzini, (1987) and Vergara, et al. (1998).  

A previous study carried out in the laboratory showed that P. tricornutum cultures with 0.882 mM 

of NaNO3 consume half of the available nitrate when the number of cells doubles (approximately on the 

2nd day of growth), and this nutrient is totally assimilated when there is a new duplication (unpublished 

data). Thus, the hypothesis placed is that cultures with 1-fold NaNO3 in our study, contained very low 

concentration of N in the medium, promoting low assimilation and subsequent metabolization of this 

nutrient, not showing clear variations in the production of fucoxanthin in the different phases of the 

photoperiod. On the other hand, cultures with 10-fold NaNO3, probably still had N in the medium, 

observing the variations in the production of fucoxanthin between day and night.  

However, these results are preliminary and further studies will be needed to prove these previously 

mentioned hypotheses. 

 

3.6. Gene Expression Analysis 

In order to evaluate the expression variation of the key genes PSY and LCYB of the fucoxanthin 

synthesis pathway during the growth curve, a semi-quantitative RT-PCR study (sqRT-PCR) was 

performed.  

One of the most important factors in the relative quantification of gene expression is the appropriate 

choice of endogenous control, also known as housekeeping genes or reference genes. The selection of 

this control must fall in the stability of the expression levels in all the tested samples (Biosystems, 2004). 
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Thus, it is necessary to evaluate the expression of these genes under various experimental conditions 

tested. The expression of the reference genes should not vary, however it is difficult to find a gene that 

is completely stable under the different experimental settings (Marone, et al. 2001, Biosystems, 2004). 

To this end, the following reference genes were investigated: TATA Box Protein (TBP) gene, which 

encodes a transcription factor that recognizes promoters and initiate transcription, and the Cyclin-

Dependent Kinase A (CDKA) gene, that encodes a protein kinase which functions in the regulation of 

the cell cycle. Both genes were previously used as endogenous control for P. tricornutum by Siaut et al. 

(2007). However, it is always necessary to analyse the variation of expression of the genes, in our 

experimental conditions in order to assess whether they can be used as reference genes.  

The target genes were PSY, which encodes the phytoene synthase enzyme, the first enzyme 

responsible for the carotenoid biosynthesis pathway (Maass, et al. 2009; Rodríguez-Villalón, et al. 2009; 

Meier, et al. 2011; Arango, et al. 2014; Kadono, et al. 2015), and the LCYB, which encodes lycopene 

beta cyclase, the first enzyme responsible for the fucoxanthin synthesis pathway in brown algae (Zhang, 

2018). 

A new assay was performed where 50 mL cultures of P. tricornutum were supplemented with basal 

concentration (0.882 mM) and 10-fold (8.82 mM) NaNO3 (described in chapter 2.7. of the Materials and 

Methods). The growth was followed for 18 days, with the total biomass collection at days 4, 7, 11 and 

18. The RNA was extracted, and the cDNA was synthesized through reverse transcriptase, normalizing 

the amount of RNA for all samples. The samples were tested for the reference and target genes. 

Figures 3.20 and 3.21 show the agarose gels for the reference and target genes, respectively. For 

the TBP (Figure 3.20.A) and CDKA (Figure 3.20.B) genes, 25 cycles were initially used, however the 

expression was relatively low, verifying that the number of cycles was not sufficient to evaluate the 

expression. Thus, for the TBP gene it was increased to 28 cycles, verifying that the expression was more 

intense on day 4, than the remaining days, for both nitrate concentrations. This variation in expression 

levels makes the TBP gene a less adequate internal control, since when the experimental conditions were 

varied, the expression of this gene did not remain constant. 

For the CDKA gene (Figure 3.20.B), the number of cycles was increased to 26, however the 

intensity of the bands was very weak, despite the slight increase compared to 25 cycles. Thus, an increase 

was performed to 28 cycles, observing an increment in the intensity of the bands. It was found that the 

expression levels were mostly constant for the two NaNO3 concentrations during the assay. However, it 

was possible to notice a lower expression on the 7th day for both concentrations, which may be due to 

pipetting errors during the cDNA synthesis process, leading to a lower expression, due to the smaller 

amount of genetic material in the reaction. The bands of the gel of this last amplification with 28 cycles, 

were used for relative quantification of the expression of the target genes. 
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Figure 3.20. 1.2% agarose gels from the reference genes with 25, 26 and 28 cycles. (A) TATA Box Protein (TBP) 

and (B) Cyclin Dependent Kinase A (CDKA). Biomass collected on days (D) 4, 7, 11 and 18 of cultures growth, 

for cultures supplemented with 0.882 and 8.82 mM of NaNO3. Marker (M) Ladder VI (NZYTech, Portugal), 

darker band on the marker represents the band size of 200 bp. 

 

 

For the PSY and LCYB genes (Figure 3.21), 23 cycles were initially used, however for both genes, 

the intensity of the bands was relatively low to evaluate the expression. Thus, it was increased to 25 

cycles, for the two target genes, the latter being used for expression quantification.  
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Figure 3.21. 1.2% agarose gels from the target genes with 23 and 25 cycles. (A) Phytoene Synthase (PSY) and (B) 

Lycopene β-cyclase (LCYB). Biomass collected on days (D) 4, 7, 11 and 18 of cultures growth, for cultures 

supplemented with 0.882 and 8.82 mM of NaNO3. Marker (M) Ladder VI (NZYTech, Portugal), darker band on 

the marker represents the band size of 200 bp. The values found on the gels below each band indicate the relative 

expression of the target genes calculated by the ratio target/reference gene CDKA. 

 

As noted earlier, the content of carotenoids, namely fucoxanthin, may vary according to the growth 

phase (Figure 3.18.). Thus, the hypothesis arises that the effect of this variable can also have an impact 

on the expression of genes involved in the synthesis pathway of this pigment. 

Under non-stress conditions for algae, the gene PSY has relatively low levels of transcripts when 

compared, for example, with the enzyme geranylgeranyl diphosphate synthase that convert 

dimethylallyl diphosphate to geranylgeranyl diphosphate (Figure 1.3.). The conversion of this last 

molecule in phytoene occurs by the activity of the PSY enzyme (Kadono, et al. 2015).  Regardless this 

evidence, the results suggests that PSY may be a limiting enzyme in the synthesis pathway of carotenoids 

(Kadono, et al. 2015). 

Once in our study, the reference gene CDKA expression varied, it was not possible to take 

conclusions about the relative expression of the target genes (PSY and LCYB) from the Figure 3.21. In 

further work, new reference genes need to be analysed, like Histone-H4 (HH4) or Ribosomal Protein 

Small (RPS), already used by Siaut, et al. (2007) as endogenous controls for P. tricornutum.  

 Nevertheless, it would be expected that the expression of the target genes may be higher at the end 

of the exponential phase, beginning of the stationary phase, because in this period the production of 

fucoxanthin is higher, for both types of supplementations. We could observe higher expression levels in 

these genes between days 7, maximum fucoxanthin production (Figure 3.18.) and 9, beginning of 

stationary phase (Figure 3.15.) for cultures with 0.882 mM of nitrate, and the days 13, maximum 

fucoxanthin production (Figure 3.18.) and 15, beginning of stationary phase, (Figure 3.15.) for cultures 

with 8.82 mM of Nitrate. For example, Kadono (2015) states that during the stationary phase, the 



64 
 

production of fucoxanthin may be increased with the use of precursors produced by the activation of 

limiting steps in the log phase. One of the limiting steps in the log phase is the catalysis of PSY, which 

is a precursor for the synthesis and accumulation of fucoxanthin (Kadono, et al. 2015).  

Many genes that belong to the regulatory mechanism are more expressed in the exponential phase 

than in the stationary phase. Many of these genes are associated with cell growth. Voung et al. (2021) 

hypothesizes that fucoxanthin biosynthesis is associated with regulatory mechanisms for cell growth. In 

other words, the authors suggest that, unlike higher plants in which carotenoids belong to secondary 

metabolism, the synthesis of these pigments by microalgae could be a primary metabolic process, since 

it seems to be regulated in parallel with cell growth in P. tricornutum, more than lipid and carbohydrate 

metabolism (Voung, et al. 2021). 

In addition to PSY, LCYB expression levels are very low in non-stress conditions for P. tricornutum, 

showing that this is another enzyme that may represent an important step in the fucoxanthin synthesis 

pathway, which suggests that this enzyme may be a limiting-rate enzyme in this process (Kadono, et al. 

2015). There are few studies that demonstrate the role of this gene in the synthesis of pigments and how 

it is regulated. However, the fact that LCYB is the first enzyme directly responsible for the fucoxanthin 

biosynthesis, makes it an interesting target for studying the direct effects on this pathway.  

Not all the enzymes responsible for the carotenoid biosynthetic pathway are described, so the 

regulation of the pigment production is not yet fully understood because of the lack of information. 

Besides fucoxanthin, other pigments may be produced in the biosynthetic pathway, like zeaxanthin and 

violaxanthin, already being described to be produced by P. tricornutum (Lohr & Wilhelm, 1999). The 

reversible interconversion of zeaxanthin and violaxanthin is an essential factor for photoprotection, 

allowing cells to control the pigment content depending on the light conditions (Varela, et al. 2015). 

What is not known is whether, in addition to light, if the availability of nitrogen may influence this 

conversion. Fontebasso (2021) observed, in our laboratory, the expression of two enzymes belonging to 

the carotenoid synthesis pathway in diatoms, Zeaxanthin epoxidase (ZEP1 and ZEP3) and Violaxanthin 

de-epoxidase (VDE), under different N supplementation.  The author observed, on the 5th day of growth, 

a low expression of ZEP1 and ZEP3 for cultures of P. tricornutum supplemented with 1 and 10-fold 

NaNO3, which suggests that, regardless of the N concentration the expression did not vary. As for VDE 

(which acts inversely to the ZEP enzyme), the expression was higher for cultures with 10-fold NaNO3, 

compared to cultures with 1-fold NaNO3. These last results may suggest that with 10-fold nitrate, the 

fucoxanthin biosynthesis pathway is downregulated, in the early stage of the growth (unpublished 

results). However, it should be noted that the biomass was collected on the 5th day of the growth, and 

the results could be much different if analysed in the end of the exponential phase, where the fucoxanthin 

production is higher.  
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3.7. Cell viability of the P. tricornutum culture 

A cell viability assay was performed to observe the physiological characteristics of cultures 

supplemented with different NaNO3 concentrations (0.882, 8.82, 17.64 and 35.28 mM). The 

photographs taken under the microscope are shown in Figures 3.22. and 3.23. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.22. Microscopic images at the 7th day of growth, for P. tricornutum cultures supplemented with 0.882 

mM (A), 8.82 mM (B), 17.64 mM (C) and 35.28 mM (D) of NaNO3. Black bar in the lower left corner represents 

the 10 µm ruler. White arrow indicates bacteria. Red arrow indicates dead cells. 
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Figure 3.23. Microscopic images of cell aggregates at the 7th day of growth, of P. tricornutum cultures 

supplemented with 35.28 mM of NaNO3. White arrow indicates round cells. Red arrow indicates matrix produced 

by the algae. 

It was possible to observe for all cultures, that the cells were mostly alive (red colour), with a 

fusiform morphology, a phenotype that is characteristic of the species under study. However, it was 

observed that as the sodium nitrate concentration increased, the physiological characteristics of the 

cultures changed. 

Figure 3.22.A represents the culture supplemented with a concentration of 0.882 mM of NaNO3, 

considered as a basis for comparison with the other cultures. In this image, it was possible to see the 

presence of few bacteria in suspension. When compared to Figure 3.22.B, it appears that the addition of 

10 times more nitrate (8.82 mM of NaNO3), caused a significant increase in the amount of bacteria 

present.  

The cultures used in this thesis were non-axenic cultures, so a previous study of peptide mapping 

by nanoLC-MS using Sciex TripleTOF 6600 mass spectrometer was performed, against the prokaryotic 

database, to identify what type of bacteria were present in culture. The sample under analysis was the 

supernatant culture medium where P. tricornutum cells were grown. 

The results (mass spectrometry data was generated by the UniMS, ITQB/iBET, Oeiras, Portugal) 

demonstrated the existence of a large percentage of peptides produced by the family of marine bacteria 

Rhodobacteraceae, more specifically from the Roseobacter group. This group consists of phototrophic 

alphaproteobacteria, with oval morphology or small rods, and polar flagella, which attributes motility 

to these bacteria. These organisms have the ability to fix nitrogen, requiring sodium ions for their growth 

(Pujalte, et al. 2014). As the medium with 8.82 mM of NaNO3 is full of sodium ions, the presence of 

these bacteria increased.  

The algae-bacterial interaction is not yet fully known, but it was observed that the mutualism 

between these two organisms is the most prevalent relationship (reviewed in Ramanan, et al. 2016). 

Mutualism is an interaction between two or more organisms that benefit from each other's presence. 
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Studies have shown that the beneficial interaction between microalgae-bacteria occurs predominantly 

through the exchange of nutrients (Amin, et al. 2012; Fuentes, et al. 2016; Lian, et al. 2018). 

In Figure 3.22.C (cultures supplemented with 17.64 mM NaNO3) it was possible to see  a reduction 

in the bacteria cell density, probably due to a slight increase of the toxicity environment by ammonia 

production during the N metabolism of the diatom. This toxicity promoted the diatom cell death, which 

is suggested by the appearance of cellular debris.  

The concentration 35.28 mM of NaNO3 have also previously been found to be toxic (Figure 3.15.). 

In Figure 3.22.D, it was possible to observe that, although the cells were alive, they formed cell 

aggregates, changing their morphology. This evidence seems to indicate that the formation of these 

aggregates is a response to environmental stress. It is known that P. tricornutum is a pleiomorphic 

diatom and changes its morphology when faced with biotic or abiotic stimuli (Song, et al. 2020). Under 

favourable culture conditions, most P. tricornutum variants have an elongated (fusiform) or oval 

morphology. On the contrary, in stressful conditions, not favourable to growth, they can change to the 

round morphology (reviewed in Tesson, et al. 2009).  

The aggregates with round cells observed in our study (Figure 3.23. white arrows), were also seen  

in a study performed by De Martino et al. (2011). The authors observed the presence of cellular 

aggregates in unfavourable conditions of temperature and salt. The same study suggest that these round 

cells may be a dormancy stage of the P. tricornutum cell cycle, once they have similar characteristics to 

resting cells, with thinner cell walls, disorganized chloroplast, among others. De Martino and 

collaborators (2011) observed that the cells aggregate and develop biofilms, adhering to the flasks. 

Diatoms have the ability to produce extracellular polymeric substances, creating a matrix. The 

morphological change in the cells is due to the fact that only oval and round cells have the capacity to 

produce an extracellular mucilage, unlike fusiform and triradiated cells (Buhmann, et al. 2016).  

Proteomic studies have shown that the proteins that compose this matrix are involved in the 

defence, signalling and intracellular aggregation of algae (Buhmann, et al. 2016). Desbois et al. (2010) 

also described for P. tricornutum these aggregates, with a gelatinous matrix and round cells typically 

alive in the centre, as observed in our study (Figure 3.23.). Curiously, the change in morphology is 

reversible after several subcultures in fresh medium (De Martino, et al. 2011).  

So far, these round cells have been reported to occur in response to temperature, high salinity (De 

Martino, et al. 2007; De Martino, et al. 2011) and light quality (Herbstová, et al. 2017). Although new 

tests confirmation is required, our study seems to be the first to document the occurrence of these cell 

aggregates under conditions of nitrogen excess for Phaeodactylum tricornutum. 
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4. CONCLUSIONS 

Over time, it has been shown that large-scale production of fucoxanthin from macroalgae is not 

beneficial due its poor sustainability. Thus, some studies have shown that microalgae are alternative 

platforms for the production of this pigment, since their production rate is much higher. However, 

switching to a new production platform tends to introduce high costs to the industry, due to the lack of 

information on how to implement profitable production systems. For this reason, it is necessary to invest 

in cellular systems with cheap requirements of nutrients and light, which is not always easy to obtain, 

partly due to the lack of research on the optimization processes to produce biomass, as well as by-

products like the pigments in a green and affordable way, on a commercial scale. Thus, it is crucial to 

develop alternative cost-effective platforms for improved production of microalgal biomass and 

fucoxanthin.  

Our study aimed to broaden the knowledge about the role of alternative sources of nitrogen and 

carbon in the metabolism of P. tricornutum, namely their influence on cell growth and fucoxanthin 

production, in order to optimize these two factors.  

Our results suggest that the addition of a carbon source does not favour growth or fucoxanthin 

production. However, the addition of N, on the contrary, showed interesting results. Our study allowed 

to double the production of fucoxanthin, in just 7 days of growth, when 10-fold NaNO3 (8.82 mM) was 

added, compared to the basal medium used for the cultivation of these diatoms (f/2 medium with 0.882 

mM of NaNO3). The maximum fucoxanthin production achieved was approximately 30 mg of 

fucoxanthin per liter of culture. Although the results in the growth and fucoxanthin production were 

similar between cultures supplemented with 8.82 and 17.64 mM of NaNO3, the statistical analyses 

demonstrated that cultures with concentrations above 17.64 mM NaNO3 represented worse results, 

which could mean some degree of  toxicity, negatively affecting the growth and fucoxanthin production. 

As observed in morphological studies mentioned above, it has been reported that the alteration of some 

abiotic factors, either by excess or deficit, can induce physiological responses in P. tricornutum cells, 

possibly in response to stress. In our study, it was observed that the N excess in cultures supplemented 

with 40-fold NaNO3 (corresponding to 35.28 mM of NaNO3), may have caused cell aggregation and 

morphological changes.  

Our results, under low light conditions, also suggest that the variation in fucoxanthin may depend 

on the photoperiod, with maximum values recorded at the end of the light phase. Cultures with high N 

availability seem to anticipate the light/dark phase, decreasing or increasing the synthesis of 

fucoxanthin, triggering photoprotection mechanisms. 

At the molecular level, it was not possible to evaluate the expression levels of target genes of the 

fucoxanthin biosynthesis pathway, in the two types of supplementations introduced, since the reference 

gene used showed variations in expression under the conditions tested. Future studies are needed to 

better understand the role of N in the pigment production mechanism, as well as investigating other 
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reference genes in order to find a more stable endogenous control for P. tricornutum supplemented with 

different N concentrations.  

Our results confirm previous data on the influence of sodium nitrate addition by a factor of 10, to 

diatom cultures. They provide important information for fucoxanthin production to be further optimized. 

In all the tests carried out, was possible to suggest that to obtain the maximum production of fucoxanthin 

it was necessary to use a N source for the growth of P. tricornutum cells. This N source should be sodium 

nitrate, at a concentration 10-fold higher than the basal concentration of the f/2 medium for diatoms. 

Furthermore, it was found that with this supplemented concentration of sodium nitrate, the culture 

reaches the stationary phase after 15 days, with a maximum of fucoxanthin produced after 13 days of 

growth, with a concentration of approximately 30 mg/L. It is also noticed that the production is 

maximum at the end of the light cycle, approximately 4 hours before the dark phase begins. In summary, 

to obtain the best fucoxanthin results it is necessary to cultivate the cells with f/2 medium supplemented 

with a concentration of 8.82 mM NaNO3 and harvest the biomass for fucoxanthin extraction on the 13th 

day of growth, 12 hours after light onset. 

These results pave the way for further investigation on the mechanism of nitrogen regulation in the 

fucoxanthin synthesis pathway in microalgae, as well as introduces new data on the optimizing strategy 

for the production of photosynthetic pigments, with a view to large-scale production through microalgae 

cultivation, for use of these pigments in health industry. 
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6. APPENDIX 

 

1. Culture Medium F/2 Supplemented with Silica  

 

1.1. Instant Ocean Salts 

• 33.3 g of salt (Aquarium Systems, France) is added to 1 litter of medium. 

 

1.2. Nitrogen and Carbon Sources: 

➢ Sodium Nitrate  

• Maintenance of the initial inoculum: Stock solution 1000x concentrated with the final 

concentration of 1x of 1.1766 mM NaNO3 (Sigma-Aldrich, USA). Final concentration in the 

medium, after dilution with 25% inoculum (75% of the f/2+Si medium and 25% of inoculum), 

is 0.882 mM. 

• Experiments with different concentrations of nitrate: Stock Solution with a concentration of 50 

mM NaNO3 (Sigma-Aldrich, USA) 

All the concentrations were obtained using the different volumes of the latter stock solution above 

(0.183, 0.220, 0.441, 0.882, 1.176, 3.528, 7.056, 8.82, 17.64 and 35.28 mM)  

Sodium nitrate was dissolved in bidistilled water and autoclaved. The solution was stored at room 

temperature, in the dark.  

➢ Ammonium Chloride 

 

• 6-well plate assay: Stock Solution with a concentration of 20 mM NH4Cl  

All the concentrations were obtained using the different volumes of the stock solution of 20 mM of 

ammonium chloride (0.183, 0.441, 0.882, 3.528 and 8.82 mM).  

Ammonium chloride was dissolved in bidistilled water and autoclaved. The solution was stored at 

room temperature, in the dark.  

 

➢ Urea 

 

• 6-well plate assay: Stock Solution with a concentration of 200 mM CH4N2O (GE Healthcare, 

USA) 

All the concentrations were obtained using the different volumes of the latter stock solution above 

(5, 10, 20, 40 and 80 mM).  

Urea was dissolved in bidistilled water and autoclaved. The solution was stored at room temperature, 

in the dark.  
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➢ Glycerol 

 

• 6-well plate assay: Stock Solution with a concentration of 200 mM C3H8O3 (Scharlau, Spain) 

All the concentrations were obtained using the different volumes of the latter stock solution above 

(25, 50, 75 and 100 mM).  

Glycerol was dissolved in bidistilled water and autoclaved. The solution was stored at room 

temperature, in the dark.  

➢ Glucose 

 

• 6-well plate assay: Stock Solution with a concentration of 100 mM C6H12O6 (NZYTech, 

Portugal) 

All the concentrations were obtained using the different volumes of the latter stock solution above 

(3, 6, 30 and 60 mM).  

Glucose was dissolved in bidistilled water and autoclaved. The solution was stored at room 

temperature, in the dark.  

1.3. Monobasic sodium phosphate (x1000) 

• 0.036 mM NaH3PO4.2H2O (Sigma-Aldrich, USA) 

Monobasic sodium phosphate is dissolved in bidistilled water. The solution is stored at room 

temperature. 

 

1.4. Trace elements 

• 11.71 mM Na2EDTA (Sigma-Aldrich, USA) 

• 13.41 mM FeCl2.6H2O (Merck, Germany) 

• 0.04 mM CuSO4.5H2O (Sigma-Aldrich, USA) 

• 0.08 mM ZnSO4.7H2O (Merck, Germany) 

• 0.04 mM CoCl2.6H2O (Sigma-Aldrich, USA) 

• 0.91 mM MnCl2.4H2O (Sigma-Aldrich, USA) 

• 0.001 mM Na2Mo4.2H2O (Sigma-Aldrich, USA) 

 

All trace elements were dissolved in bidistilled water. The solution is stored at room temperature 

and wrapped in aluminium foil. 

 

1.5. Vitamins 

• 0.000369 mM Cyanocobalamin (Sigma-Aldrich, USA) 

• 0.297 mM Thiamine HCl (Duchefa Biochemie, Netherlands) 
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• 0.002 mM Biotin (Sigma-Aldrich, USA) 

The vitamins were dissolved in bidistilled water, filtered with 0.2 μm filters (VWR, USA) frozen at 

-20 ºC. 

 

1.6. Sodium metasilicate (x1000)  

• 246 mM Sodium Metasilicate (Sigma-Aldrich, USA) 

Sodium metasilicate was dissolved in bidistilled water. The solution is stored at room temperature. 

 

To prepare the basal medium (0.882 mM of sodium nitrate) was added 1 mL of each stock solution 

(except vitamins) to 1 litter to bidistilled water with previously dissolved salt. For all other 

concentrations, the base medium (salt, phosphate, trace elements and metasilicate) and a 50 mM NaNO3 

stock solution were prepared. For both, the base medium and the NaNO3 stock solution, the pH was 

adjusted to 8 with 1 M of hydrochloric acid (HCl). Both were autoclaved. To prepare the media, 

calculations were made to add NaNO3 and base media, in order to achieve the desired final concentration 

of the nitrogen source to be tested. The addition of sodium nitrate to the base medium was done under 

sterile conditions. The medium with a given concentration of NaNO3 was prepared in a single container 

and then distributed to the several Erlenmeyer’s with the necessary volume.  

For solid medium, 1.2% of bacterial agar (VWR, USA) was added before autoclaving. Finally, 1 

mL of filtered vitamin mixture stock solution was added. The medium is stored at room temperature. 

Solid cultures are plated only for maintenance of cell cultures and not for testing experimental 

conditions.  

 

2. Formula Calculation - Fucoxanthin 

To calculate fucoxanthin concentration, the procedure performed was as follows: From the 

absorbance values obtained for each wavelength of the samples, the absorbance value of the blank was 

subtracted (e.g. To “Sample read A445 nm the “Value at A445 nm of ethanol” is subtracted; the same 

applies to the remaining wavelengths). After subtracting the blank, the absorbance value was multiplied 

by 2 (optical path). The initial value obtained corresponds to only half of the well, since only 200 µL 

was added, and the well has a capacity of 400 µL. To obtain the total value of the well, it is necessary 

to multiply the value obtained by two. After subtraction and multiplication, the values were applied to 

the equations of the correlation Cuvette vs. Microplate (e.g. the “Sample value read at A445 nm” has 

been replaced in y, giving the value of x; the same applies to the remaining equations). The value of x 

obtained for 445, 663 and 750 nm was substituted in the formula. After replacing the values in the 

formula, the concentration of fucoxanthin in mg/L was obtained. 
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Note: 

Negative values resulting from the calculation of the formula are indicative of concentrations not 

detectable using this method (below 2 mg/L), in our study conditions. 

Real values of the optical density of the culture were given by replacing the y-value in the equation 

of the correlation line at 750 nm. 

 

3. Agarose Gel Electrophoresis 

3.1.  TBE 5x Buffer (Tris / Borate / EDTA): 

• 448 mM Tris-base (NZYTech, Portugal) 

• 448 mM Boric acid (Merck, Germany) 

• 1 mM EDTA (pH = 8) 

 

Tris-base and boric acid solutions are prepared in bidistilled water and the EDTA solution is added 

at the end. The TBE buffer is stored at room temperature. 

 

3.2.  Agarose 0.8% and 1,2% 

The TBE 5x solution is diluted in bidistilled water to the final concentration of 0.5 x and to which 

is added agarose (NZYTech, Portugal). Then, the solution is heated in the microwave until the agarose 

is completely dissolved. Green Safe Premium (MB13201, NZYTech) is added to the dissolved agarose 

and the solution is placed on a support to solidify for 30 minutes at room temperature.  

 

3.3.  Orange G 10x: 

• 4.4 mM Orange G (Sigma, USA) 

• 30% glycerol 

Orange G is dissolved in water and glycerol is added. The solution is stored at 4 ºC. 

 

3.4.  Running the samples onto a agarose gel 

After preparing the solutions, the Orange G dye (10x) is applied to the reaction (1.5 µL for a 10 µL 

reaction), which is then loaded onto a 0.8% or 1.2% agarose gel in 0.5x TBE, with 0.4 μL of Green Safe 

previously added (0,4 μL to 35 mL TBE Buffer). A 100V electric field was applied to the gel for 30 or 

40 minutes and the results are revealed under UV light, using a DocEZ Gel Documentation System Gel 

(BioRad, USA). 

 

 

 

 

 



80 
 

Table 6.1. Reaction Constituents of the GoTaq Flexi DNA Polymerase (M7805, Promega, USA) 

Reagents Final 

Concentration 

Final Volume  

1x reaction 

5X Green GoTaq® Flexi Buffer 1x 1,6 µL 

MgCl2 Solution 2 mM 0,64 µL 

dNTPs mix (NZYTech) 0,2 mM 0,16 µL 

Primer Forward 
0,6 mM 0,5 µL 

Primer Reverse 

GoTaq® DNA Polymerase - 0,1 µL 

dH2O - Until reach 8 µL 

 

Constituent concentration optimized to experimental conditions tested. 

 

 

Table 6.2. Reaction Constituents of the ImProm II Reverse Transcriptase System (Promega, USA) 

 

Reagents Final 

Concentration 

Final Volume  

1x reaction 

ImProm-II™ 5X Reaction Buffer 1,3x 4 µL 

MgCl2 Solution 3,3 mM 2 µL 

dNTPs mix (NZYTech) 0,5 mM 1 µL 

ImProm-II™ Reverse Transcriptase - 1 µL 

dH2O - Until reach 15 µL 

 

 According to the manufacturer's instructions.  

 

 

 

 

 

 

 

 


