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Resumo: Estratégias de produção de microalgas para a obtenção de carotenóides e de ácidos gordos 

polinsaturados para nutrição humana e animal, num contexto de descarbonização da economia 

As microalgas têm sido destacadas como uma fonte promissora e sustentável de importantes compostos 

bioactivos para as indústrias farmacêutica e alimentar, como por exemplo: carotenóides, ácido 

eicosapentaenóico (EPA) e ácido docosahexaenóico (DHA). Este trabalho teve como objetivo otimizar e 

caracterizar a produção de biomassa da Pavlova gyrans através de uma abordagem multivariada. 

Inicialmente foram avaliados os efeitos de 17 fatores abióticos na produtividade da biomassa de P. 

gyrans. As variáveis que apresentaram um impacto significativo (p < 0,10) no crescimento da P. gyrans 

foram a intensidade de luz, NaNO3, e CuSO4,5H2O, sendo a última a única a afetar negativamente o 

crescimento da P. gyrans. Numa segunda etapa estas variáveis, juntamente com o NaH2PO4.H2O, foram 

estudadas de forma a otimizar a produção de biomassa da P. gyrans, resultando as seguintes condições 

ótimas de crescimento: 700 µmol.photons.m-2.s-1 de intensidade luminosa, 1500 mg.L-1 NaNO3, 6 µg.L-1 

CuSO4.5H2O e 40 mg.L-1 NaH2PO4.H2O. Em comparação com as condições controlo a formulação ótima 

permitiu um aumento de 3,8 vezes no valor máximo de biomassa produzida (2,26 g AFDW.L-1) assim 

como uma melhoria generalizada no perfil bioquímico (teor de proteínas, PUFA, ácidos gordos n-3, DHA 

e EPA).  

Além disso, foi também avaliado o efeito dos 17 fatores abióticos na produção de xantofilas e carotenos 

de P. gyrans (p < 0,10), com especial ênfase na fucoxantina (Fx), β-caroteno (βCar), e a soma de todos 

os carotenóides analisados individualmente (TCar). Na gama de valores testada verificou-se que a 

produção de Fx foi aumentada usando maiores concentrações de azoto e menor intensidade luminosa. 

Além disso, o azoto e o ferro foram positivamente correlacionados com a acumulação de βCar. O 

conteúdo de TCar aumentou em concentrações mais elevadas de azoto, ferro e cobalto, bem como em 

níveis mais baixos de salinidade e iluminação. As condições de crescimento formuladas para maior 

acumulação de Fx e TCar melhoraram a respetiva produção (p < 0,05). Entre as experiências de 

validação, os valores mais elevados de Fx e TCar alcançados por P. gyrans foram 6,153 e 11,794 mg.g-

1 DW, o que representou um aumento de 3 e 2 vezes, respectivamente, em comparação com o meio de 

controlo (Walne). Os resultados deste trabalho permitiram compreender a importância dos diferentes 

fatores abióticos no crescimento e composição bioquímica da P. gyrans, assim como entender a 

importância nutricional que esta microalga apresenta. Os dados aqui apresentados poderão facultar 

informação relevante para a possível produção à escala industrial desta microalga.  

Palavras-chave: DHA, EPA, fucoxantina, condições de cultivo, otimização, Pavlova gyrans  
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Abstract: Microalgae production strategies to increase carotenoid and polyunsaturated fatty acid 

composition for food and feed applications 

Microalgae have been presented as a source of important bioactive compounds for nutraceutical and 

pharmaceutical industries, such as carotenoids, eicosapentaenoic acid (EPA) and docosahexaenoic acid 

(DHA). The aim of this work was to optimize and characterize the biomass production of Pavlova gyrans 

through a multivariate approach. Firstly, the effects of seventeen abiotic factors on the biomass 

productivity of P. gyrans were evaluated. Light intensity, NaNO3, and CuSO4.5H2O, were identified as the 

most significative abiotic factor (p < 0.10), with the latter negatively affecting the growth of P. gyrans. 

Together with NaH2PO4.H2O, these variables were further studied to maximize the biomass production of 

P. gyrans, being the optimum growth conditions reached when applying 700 µmol.photons.m-2.s-1 of light 

intensity, 1500 mg.L-1 NaNO3, 6 µg.L-1 CuSO4.5H2O and 40 mg.L-1 NaH2PO4.H2O. The optimized conditions 

were validated against the control (Walne’s medium) and allowed a 3.8-fold increase in biomass 

production of P. gyrans (2.26 g AFDW.L-1). The biochemical profile of P. gyrans was also improved (p < 

0.05), namely with increased protein content (10.59-30.76 % DW), PUFA content (37.13-47.11 %TFA), 

n-3 fatty acids (26.49-38.27 %TFA), DHA (5.73-10.33 %TFA) and EPA (17.09-20.69 %TFA – p > 0.05). 

In addition it was assessed the effect of the seventeen abiotic factors in xanthophylls and carotenes 

production of P. gyrans (p < 0.10), with especial emphasis in fucoxanthin (Fx), β-carotene (βCar), and 

the sum of all carotenoids individually analyzed (TCar). In the experimental range tested, Fx production 

was increased under higher levels of nitrogen and lower light intensity. Additionally, nitrogen and iron 

were positively correlated with βCar accumulation. TCar content was enhanced at higher concentrations 

of nitrogen, iron, and cobalt, as well as lower levels of salinity and illumination. The modified growth 

conditions formulated for Fx and TCar improved the respective production (p < 0.05). Among the 

validation experiments, the highest Fx and TCar values achieved by P. gyrans were, respectively, 6.153 

and 11.794 mg.g-1 DW, which represented an increase of 3- and 2- fold compared to the control (Walne’s 

medium). The results of this work provided an understanding of the importance of different abiotic factors 

on the growth of P. gyrans, which are relevant data for further large-scale production of this microalgae 

with beneficial nutritional indices for human consumption. 

 

Keywords: DHA, EPA, fucoxanthin, growth conditions, optimization, Pavlova gyrans  
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1.1 RESEARCH BACKGROUND AND THESIS MOTIVATION 

In recent years, we have seen a growing lifestyle trend that consumers demand goods with clean label, 

healthy properties and achieved through sustainable resources and ethical manufacturing. For instance, 

the vegan lifestyle - which determines not to eat or use any type of animal-derived product – became 

increasingly popular and widespread during the 2000s [1,2], representing a growing food market with a 

compound annual growth rate of 10.41% that predicts a market size worth of US$ 65.4 billion by 2030 

[3]. To cope with this, both policymakers and Industry have been looking for sustainable sources and 

appropriate technologies that can meet the demanding standards [1].  

Microalgae have been suggested as one of the most highlighted and promising sources that comprises 

the features previously stated. These microorganisms are predominantly photoautotrophic eukaryotes 

and are widely distributed in nature [4]. Their commercially application as an alternative resource for the 

production of different commodities is mainly linked to their particular characteristics, such as high CO2 

fixation, metabolic plasticity, fast and controlled growth and their bioactive-rich biomass [5]. However, 

only a few species of microalgae are industrially produced, and fewer are those commercialized for human 

consumption [6]. Thus, among the challenges that microalgae industry has facing in the recent years 

stands out the identification of viable species for large-scale production and the respective optimization 

of the growth conditions in order to improve the cost-effectiveness of their production. 

Pavlovophyceae species have been pointed out as an interesting source of highly demanded metabolites 

for feed, nutraceutical and pharmaceutical industries. The importance of these species for aquaculture 

has been well documented [7,8], thanks to their ability to accumulate high levels of important 

polyunsaturated fatty acids – eicosapentaenoic acid and docosahexaenoic acid -, sterols and carotenoids 

[9–11]. Recently, several studies have described the numerous benefits for human health related to the 

intake of these metabolites [12–15], motivating the urge for a thorough understanding of the abiotic 

factors involved in maximizing the biomass of Pavlovophyceae biomass, as well as identifying the main  

parameters responsible for modulating the biochemical composition.  

Thus, the workplan of the current thesis aimed to assess and to fully understand the impact of seventeen 

culture variables in Pavlova gyrans growth performance and metabolites production, namely fatty acids 

and carotenoids. With the outcomes from this work we pretend to develop knowledge that may support 

the development of growth medium formulations that enable the implementation of P. gyrans on large 

scale production, as well as develop of different growth strategies that take advantage of its rich metabolite 

composition.     
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1.2 RESEARCH AIMS 

This thesis had as the main objective to identify and to optimize, through a multivariate approach, the 

impact of seventeen abiotic factors in the growth performance and biochemical composition – fatty acids 

and carotenoids - of P. gyrans. To accomplish that goals the workplan was divided in two main tasks:   

Task 1: Identify the main growth variables involved in biomass production of P. gyrans, and their statistical 

optimization for enhanced biomass production as well as its biochemical characterization on fatty acid 

profile and lipid and protein content. 

Task 2: Discover the key abiotic factors involved in the production and accumulation of carotenoids of P. 

gyrans. The growth conditions identified as the most important were used for further development of 

medium formulations and microalgae growth strategies able to increase the carotenoids content in P. 

gyrans without to compromise its growth performance.  

The Task 1 aimed to identify among the seventeen abiotic factors, using a Placket-Burman design, those 

with statistical significance for the growth performance of Pavlova gyrans, namely the volumetric biomass 

productivity. Then, the significant culture variables were set to a new range of values and studied, using 

a Rotatable Central Composite design (RCCD), in order to achieve the optimum conditions for the 

maximum biomass produced by P. gyrans. The assays produced in the optimization phase were further 

characterized for their protein and lipid content and analyzed through gas chromatography-mass 

spectrometry to determine the fatty acid profile, and especially the composition of EPA and DHA. The 

results allowed the construction of contour curves for each response variable (biomass, protein, EPA and 

DHA), unravelling the synergistic effects between the significant abiotic factors in P. gyrans.   

Regarding the Task 2, it was designed to explore the impact of the abiotic factors established in Placket-

Burman experiment on the pigment composition of P. gyrans. The whole pigment profile was assessed 

using the High-Pressure Liquid Chromatography technique, in order to discriminate the main variations 

promoted by the different growth conditions among the identified carotenoids: diadinoxanthin, 

diatoxanthin, fucoxanthin, α-carotene and β-carotene. These data would allow to find the key variables 

involved in the production of each carotenoid, which would be used later to formulate new culture 

conditions and growth strategies to maximize the overall carotenoid composition of P. gyrans, as well the 

fucoxanthin and β-carotene content – two highly sought-after carotenoids on the market.  
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1.3 THESIS OUTLINE 

According to the objectives previously mentioned, the present thesis, in addition to the present chapter, 

is composed for Chapter 2, 3, 4 and 5. Chapter 2 gives an extensive overview of microalgae as producer 

of fatty acids and carotenoids. In Chapter 3 and 4 are exposed the main results produced during this 

thesis, highlighting the relevance of growth variables on growth performance and biochemical composition 

of P. gyrans.  

Chapter 2: several themes related with the production of carotenoid and fatty acid by microalgae were 

reviewed. Among them, the metabolic pathways responsible for the carotenoid and fatty acids synthesis 

were described, their biological and commercial interest for human consumption, the main structural and 

biochemical features of Pavlovophyceae species, the potential applications of this class of microalgae, 

the relevance of the nutritional conditions on the growth of microalgae and the impact on their carotenoid 

and fatty acid composition, especially in Pavlovophyceae, were described.  

Chapter 2: several topics related to the production of carotenoids and fatty acids by microalgae were 

reviewed. Among them, the metabolic pathways responsible for the synthesis of carotenoids and fatty 

acids, their biological and commercial interest for human consumption, the main structural and 

biochemical characteristics of Pavlovophyceae species, the potential applications of this class of 

microalgae, the relevance of nutritional conditions on the growth of microalgae and the impact on their 

carotenoid and fatty acid composition, especially in Pavlovophyceae, were described.  

Chapter 3: using a Plackett-Burman design, followed by a Central Composite Rotatable Design, seventeen 

growth variables were assessed and optimized to improve biomass production of P. gyrans. In the second 

optimization step as well as the validation experiments the biomass was characterized forits protein and 

lipid content and fatty acid profile.  

Chapter 4: the impact of the same seventeen abiotic factors tested in Plackett-Burman design were also 

assessed on the carotenoid profile of P. gyrans. The key growth variables responsible for the highest 

accumulation of fucoxanthin, diadinoxanthin, diatoxanthin and β-carotene were identified, which were 

used to design the optimum growth conditions for each carotenoid, as well as to develop growth strategies 

capable of improving the carotenoid content of P. gyrans.  

Chapter 5: the general conclusions of this work was presented, as well as suggestions for future works.   
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2.1 INTRODUCTION 

Microalgae represent a large group of uni- and multicellular microorganisms – it is estimated the existence 

of up to 1,000,000 species – divided into prokaryotes (cyanobacteria) and eukaryotes. Most of these 

organisms are photoautotrophic, using solar energy and CO2 to thrive; however, some species are also 

capable of growing either heterotrophically (using organic compounds as source of carbon) or 

mixotrophically (combining both autotrophic and heterotrophic mechanisms) [1]. Recently, microalgae 

have been receiving increasing attention by researchers and the Industry itself as consequence of the 

multitude of metabolites displayed (proteins, carbohydrates, lipids, pigments, vitamins, etc.) and, 

consequently, diversity of potential applications in distinct biotechnology sectors (e.g., pharmaceutical, 

cosmetics, food & feed). Nevertheless, despite all the recognized potential of microalgae, the number of 

species utilized at industrial scale is limited to nearly 200 [2]. 

Pavlovophyceae is a class of eukaryotic, unicellular and motile marine microalgae belonging that inhabit 

littoral, brackish water and, occasionally, freshwater environments [1,3]. These spherical microalgae 

characterized by the presence of two golden-brown or yellow-green chloroplasts, organic body scales, and 

a unique filamentous appendage, called haptonema, have arisen as promising microalgae to explore 

commercially, mainly due to their high content in polyunsaturated fatty acids (PUFAs), such as 

eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) [1] These n-3 fatty acids, usually ingested 

through the consumption of fish (or derivates) are associated with interesting bioactivities, human 

development, and diseases treatment or prevention [4–8]. The potential of Pavlovophyceae is though not 

limited to the production of PUFAs, since these microalgae are also capable of synthesising pigments 

(e.g., carotenoids), sterols, and other lipids with interesting market value [9,10]. Despite the interesting 

features reported, the number of studies focusing on strategies to take advantage of Pavlovophyceae 

species potential is still scarce, being aquaculture feeding its main application. 

Similarly to what happens for most of the microalgal species, the widespread commercialization of 

Pavlovales (and/or their biocompounds) faces some common challenges related to high production and 

downstream processing costs, as well as low productivity rates in terms of biomass or metabolites of 

interest. This fact highlights the necessity to optimize cultivation conditions and production systems, but 

also to employ holistic approaches involving process integration and circular economy, zero waste or 

biorefinery concepts in order to substantially improve the cost/benefit ratio of microalgal biomass and 

high-added value compounds production. In addition, more sustainable processes and economies would 



Maciel, F. (2022) 

8 
 

be ensured using these strategies, meeting therefore the worldwide guidelines that have been established 

over the last years, such as the United Nations Sustainable Development Goals. 

This review intends to unveil the full potential of microalgae as an interesting source of PUFAs and 

carotenoids, with special attention to the Pavlovophyceae members, providing a thorough overview of the 

benefits and applications of their biomass and produced bioactive compounds. Particular focus will be 

given to growth conditions optimization and to strategies envisaging not only the maximization of high-

value compounds’ production. 

2.2 MICROALGAE AS A PROMISING CELL FACTORY FOR PUFAS PRODUCTION 

Fatty acids usually contain 14 to 24 carbon atoms and can be classified as saturated (SFAs), 

monounsaturated (MUFAs), or polyunsaturated fatty acids (PUFAs). Most of them are provided to the 

body through diet but can also be synthesized in the human body by other fatty acids or non-lipid 

precursors such as glucose. Although, there are exceptions – essential fatty acids – that comes exclusively 

from food [11–13]. PUFAs, especially n-3 PUFAs such as EPA (C20:5n-3) and DHA (C22:6n-3), are 

essential fatty acids strongly recommended for human diet [14] (see Section 4 – commercial interest). 

EPA and DHA are mostly produced by microalgae and transferred to the upper levels of the food chain 

[15]. Kingdom Chromista includes promising candidate species for commercial production of n-3 PUFAs 

(Table 2-1) [2]. Some of them are already approved by the European Food Safety Authority (EFSA) for 

human consumption in EU, such as Odontella aurita, Schizochytrium sp. and Ulkenia sp. [16–19]. The 

total FA composition is highly variable from species to species; however, species belonging to the 

Kingdom Chromista usually present high levels of one n-3 PUFA, EPA (C20:5n-3) or DHA (C22:6n-3) 

(Table 2-1), relying on the effect of abiotic factors (see Chapter 2.5). 

2.2.1 Distribution of microalgae lipids classes 

Microalgal lipids comprise two main groups: i) polar lipids (phospholipids, glycolipids and betaine lipids) 

and ii) non-polar or neutral lipids (acylglycerols, sterols, free fatty acids, hydrocarbons, wax and steryl 

esters). According to its chemical structure different types of phospholipids (PLs) are found in microalgae, 

namely phosphatidylcholine (PC), phosphatidylethanolamine (PE), and phosphatidylglycerol (PG) [20,21]. 

Considering the glycolipids (GLs) they are subdivided in three groups: monogalactosyldiacylglycerol 

(MGDG), digalactosyldiacylglycerol (DGDG), and sulfoquinovosyldiacylglycerol (SQDG) [22–24]. PLs and 

GLs are essential structural components of biological membranes - membrane systems in microalgae 

can be divided into the photosynthetic active thylakoid membrane and the structural membranes 
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surrounding compartments (e.g., inner and outer membranes of the chloroplast, mitochondria and 

endoplasmic reticulum) (Figure 2-1) [25]. These lipids maintain specific membrane functions and provide 

the permeability barrier surrounding cells, organelles within cells, as well as providing a matrix for various 

metabolic processes. Some polar lipids may act as key intermediates in cell signalling pathways (e.g., 

oxidative products of PUFAs). The classes of betaine lipids (BLs) described in microalgae are diacylglyceryl 

trimethylhomoserine (DGTS), diacylglycerylhydroxymethyl-trimethylalanine (DGTA) and 

diacylglycerylcarboxyhydroxymethylcholine (DGCC). BLs are present in both the photosynthetic and the 

non-photosynthetic membranes, and it has been suggested that BLs may have similar functions or even 

surpass the function of PLs [26]. The non-polar lipids, mainly triacylglycerols (TAGs), are abundant storage 

products synthesized in the chloroplast or at the endoplasmic reticulum (ER) membrane [21,27], which 

can be easily catabolised to provide metabolic energy. Sterols are also present in biological membranes 

as structural components [28]. 

2.2.2 Synthesis of n-3 Polyunsaturated Fatty Acids in Microalgae 

The conventional fatty acids (FA) biosynthesis is similar among plants and microalgae species and 

comprise three distinct pathways: (i) first, the biosynthesis of palmitic acid (C16:0) and other saturated 

fatty acids is achieved through Fatty Acid Synthase (type II FAS) pathway using acetyl-CoA as substrate, 

(ii) then further chain elongations, and (iii) desaturations occur as part of the n-3 and n-6 pathways to 

produce more complex polyunsaturated fatty acids. FA biosynthesis involves cooperation of two 

subcellular organelles, the chloroplast stroma (de novo FA synthesis) and the ER (LC-PUFA synthesis) 

[36]. The metabolic pathways involved in lipid synthesis are initiated by acetyl-CoA, which could be 

provided by the conversion of a) pyruvate, in chloroplast and mitochondria (Figure 2-2, A and B), b) citrate 

or c) acetate, both in cytosol (Figure 2-2, C and D); and require energy (ATP) and reducing power (NADPH) 

(Figure 2-2, E) [21,37]. 

2.2.2.1 Synthesis of Saturated Fatty Acids 

The microalgal de novo FA synthesis requires the participation of two multienzyme complexes, acetyl-CoA 

carboxylase (ACCase) and fatty acid synthase (type II FAS). The first step is the conversion of acetyl-CoA 

to malonyl-CoA through plastidial ACCase (Figure 2-2, stage 1). Then, the transfer of the malonyl moiety 

to holo-acyl carrier protein, promotes the malonyl-acyl carrier protein (malonyl-ACP) intermediates to type 

II FAS cyclic condensation reactions, in which occurs the extension of the acyl group to middle chain 

length fatty acids (<C18) [38,39]. Type II FAS is composed by six enzymes that ensure the following cyclic 
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four enzymatic reactions: condensation (C-C bond formation), reduction (C-OH), dehydration (C=C) and 

hydrogenation (C-C) (Figure 2-2, stage 2) [40].  

These reactions are catalysed by β-ketoacyl-ACP synthase (KS), β-ketoacyl-ACP reductase (KR), β-

hydroxylacyl-ACP dehydrase (DH) and β-enoyl-ACP reductase (βER), respectively, to produce C4 to C18 

fatty acids. The first cycle (n=1) of FAS is initiated by β-ketoacyl-ACP synthase III (KS III), which uses a 

fatty acyl-ACP (C2n) and malonyl-ACP as substrates to form 3-ketoacyl-ACP, that in turn is used by 

successive enzymes, KR, DH and βER to produce a C4 fatty acyl-ACP (C2n+2), butyryl-ACP (C4:0-ACP) (C2 

to C4). The next six cycles (n=2 to n=7) are initiated by KS I to produce a C16 fatty acid (C2n+2), palmitoyl-

ACP (C16:0-ACP) (C4 to C16). At last cycle (n=8), the reaction between palmitoyl-ACP and malonyl-ACP 

is allowed by KS II and results in C18 fatty acid (C2n+2) synthesis, stearoyl-ACP (C18:0-ACP) (C16 to C18). 

FAs can be exported to the FA cytosolic pool (Figure 2-2, G) or they are released from the acyl-ACP as 

CoA esters by acyl-ACP thioesterases (FAT) and further incorporated into the FA plastid pool (Figure 2-2, 

F) which can be used to form chloroplast lipids (Figure 2-2, stage 4) [41]. The localization of the pools is 

maintained due to acyl-CoA form not being able to cross the intracellular membranes. Only FAs esterified 

to acyl-ACP can cross membranes [40–42].  

Figure 2-1: Distribution and composition of chloroplast- and endoplasmic reticulum-specific lipids from microalgae. A) The relative 
composition of lipid classes in the chloroplast OEM, IEM, thylakoid and B) ER membranes [20,22,24,29–33]. C) Typical fatty acid 
abundance of the major lipid classes from Diacronema lutheri [24,34,35]. PG, phosphatidylglycerol; DPG, diphosphatidylglycerol or 
cardiolipin; DGDG, digalactosyl-diacylglycerol; MGDG, monogalactosyldiacylglycerol; SQDG, sulfoquinovosyl-diacylglycerol; DGTA, 
diacylglycerylhydroxymethyl-trimethylalanine; DGCC, diacylglyceryl-carboxyhydroxymethylcholine. 
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2.2.2.2 Synthesis of Polyunsaturated Fatty Acids 

Elongation and desaturation processes, characterized in microalgae, seem to comprise i) the 

hexadecatrienoic acid (C16:3-ACP) synthesis, in chloroplasts (Figure 2-2, stage 3), ii) the polyketide 

synthase pathway (PKS pathway), also in chloroplasts (Figure 2-2, H) and iii) the n-3 and n-6 pathways, 

in ER (Figure 2-2, stage 12) [43]. PKS pathway and n-3 and n-6 pathways favor long-chain polyunsaturated 

fatty acids (LC-PUFA) synthesis. Microalgal acyltransferases – glycerol-phosphate acyltransferase (GPAT), 

lyso-phosphatidic acid acyltransferase (LPAAT) and phosphatidic acid phosphatase (PAP) – are required 

for the esterification of FAs to the desired sn-position of the glycerol-backbone and appear to be located 

either in the chloroplast- or ER-membranes (Figure 2-2, stage 4 and 10) [29]. Chloroplast- and ER-bound 

∆6, ∆9 and ∆12 desaturases are also described for microalgal cells (Figure 2-2, stage 3 and 12). The 

remaining desaturases and elongases engaged for n-3 and n-6 pathways only occurs in ER membrane 

and facing the cytosol [44].  

The plastidial acyl-ACP pool provides C16:0-ACP for the C16:3-ACP synthesis. Desaturation of C16:0-ACP 

to C16:3-ACP can take place through high substrate specific plastidial-located ∆9, ∆12 and ∆6 

desaturases, in this sequence (Figure 2-2, stage 3). The final step of this pathway is to synthesize 

microalgal membrane lipids through the C16:3-ACP esterification to a glycerol lipid backbone (Figure 2-2, 

stage 4) [44]. The origin of the lipid backbones can be distinguished by the fatty acid length at the sn-2 

position on the glycerol-3-phosphate (G3P). The chloroplast-lipid derived pathway, called prokaryotic 

pathway, esterifies C16 fatty acids at the sn-2 position of G3P, whereas the ER-lipid derived pathway, 

called eukaryotic pathway, have C18 fatty acids esterified at the sn-2 position [28,45].  

Inside the chloroplast, GPAT esterifies a FA onto the sn-1 position of G3P with either C16 (C16:0- CoA or 

C16:3- CoA) or C18 (C18:0-CoA or C18:1-CoA) FAs. Then LPAAT esterifies a C16 (C16:0-CoA or C16:3-

CoA) fatty acid onto the lyso-phosphatidic acid (lyso-PA) at the sn-2 position [46]. The resulting PA is 

dephosphorylated by PAP to generate DAG (Figure 2-2, stage 4). PA and DAG as well as other 

phospholipids can act as precursors to produce PLs (Figure 2-2, stage 5), GLs (Figure 2-2, stage 6) and 

TAGs (Figure 2-2, stage 7) [27,47]. For example, DAG can be assembled into MGDG or SQDG – with the 

characteristic 16 carbon fatty acid at the sn-2 position – through MGD and SQD synthases, both placed 

at the chloroplast inner envelope membrane. DGD synthases also mediate the production of DGDG, 

however they are localized at the chloroplast outer envelope membrane (Figure 2-2, stage 8) [48,49].  

Most FAs released from the de novo FA synthesis are exported using the membrane transport protein, 

fatty acid export 1 (FAX1), and the long chain acyl-CoA synthetase (LACS) (Figure 2-2, stage 9) to reach 
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the cytoplasm as acyl-CoAs where they are incorporated into the FA cytosolic pool (Figure 2-2, G) for 

further processed at the ER [50–52]. The fatty acid C18:0 reaches cytosol either in form of C18:0-CoA 

(stearoyl-CoA) or C18:1-CoA (oleoyl-CoA). Desaturation of stearic acid (SA, C18:0) to oleic acid (OA, 

C18:1) can take place through a Δ9 desaturase in the chloroplast (Figure 2-2, stage 3) or the ER (Figure 

2-2, stage 12). Except for ∆9 desaturase, ER-located desaturases and elongases use acyl-lipids (FAs 

linked to the glycerol-backbone) as substrates [22,53]. The ER lipid synthesis – eukaryotic pathway – 

commonly occurs through the Kennedy pathway (Figure 2-2, stage 10) or the acyl-editing pathway 

[47,54].  

The absence of PC and PE production by Diacronema lutheri raises the question if the acyl-editing 

pathway actually takes place in these microalgae [24,34,35]. Regarding Diacronema lutheri, DAG is then 

incorporated into TAGs and other lipids, instead of PC and PE. Thus, it remains unknown if this pathway 

can occur with other lipid classes, such as lyso-DGCC (a lyso-type form previously discovered in 

Diacronema lutheri), if not, it is likely that this pathway is absent from Pavlovales [55,56]. 

Although the Kennedy pathway (Figure 2-2, stage 10) be similar to fatty acid incorporation in the 

chloroplast (Figure 2-2, stage 4), the ER membrane LPAAT exhibit a strong preference for >C18 as its 

substrate esterifies a FA into the sn-2 position instead of C16 FA, such as the chloroplast LPAAT [57]. 

The resulting phosphatidic acid (PA) is converted to DAG or cytidine diphosphate diacylglycerol (CDP-

DAG) via the PAP or cytidine diphosphate diacylglycerol synthase (CDS), respectively. DAG is then 

incorporated into >C18 lipids (PLs, BLs and TAGs). In contrast to PLs and TAGs, information regarding 

the biosynthesis of BLs is relatively scarce [26,35]. DGTS biosynthesis has been characterized for 

prokaryotes and eukaryotes. In prokaryotes, two enzyme systems, betaine lipid synthase A and B (BtaA 

and BtaB), role the DGTS production [26]. This mechanism appears to suffer some modifications in 

eukaryotes. In the microalgae Chlamydomonas reinhardtii, a single bifunctional enzyme, Bta1, which 

contains both BtaA- and BtaB-like domains, can carry out the complete synthesis [58]. In further research, 

Murakami et al. identified putative Bta1 homologs (Bta1L and Bta1S) in N. oceanica (Figure 2-2, stage 

11) [59]. According to Vogel and Eichenberger, the sn-2 position of DGTS was predominantly attached to 

C18 FAs, suggesting that DGTS was synthesized mainly through the eukaryotic pathway in the ER. It has 

been also established that DGTS is the precursor of DGTA by de-carboxylation and re-carboxylation 

reactions [33].  Very few information appears to be known about the DGCC biosynthesis.  

In the other branch CDP-DAG gives rise to PG and DPG [21,47,60]. As the higher plants, microalgal PG 

may be synthesized in at least three subcellular compartments, namely, the plastids, the ER, and the 
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mitochondria. The biosynthetic pathway in each organelle is essentially the same, i.e., PA is converted to 

CDP-DAG, which is then converted to PG trough phosphatidylglycerolphosphate synthase (PGPS) and 

protein tyrosine phosphatase mitochondrial 1 (PTPMT1) (Figure 2-2, stage 5). The ER-derived PG is 

desaturated, to yield more unsaturated molecular species (>C18), by desaturases (∆) that are located in 

the ER (Figure 2-2, stage 12) [20]. Opposite to the PG that is synthesized in plastids and in the ER, the 

PG that is synthesized in mitochondria is used for the DPG biosynthesis, through PG and CDP-DAG 

arrangement by cardiolipin synthase (CLS) (Figure 2-2, stage 14) [31]. The origins of the fatty acids used 

for the biosynthesis of PG and DPG in mitochondria remain to be clarified. It seems likely that FAs, 

synthesized in plastids, or more unsaturated lipid species PA and CDP-DAG, synthesized in ER, are 

transported to mitochondria and then converted to PG and DPG [20]. 

ER-derived lipids could be transported to the inner envelope membrane (IEM) of chloroplasts to generate 

plastid lipids with >C18 FAs on the sn-2 position of glycerol backbones. There are multiple hypotheses 

that describe the mechanisms by which lipid transport occurs between the ER and the chloroplast inner 

envelope membrane; however, none of the hypotheses were described neither investigated in 

haptophytes [29]. Currently, evidence suggests that PA, PG, DGCC and CDP-DAG are transported from 

the ER to the IEM (Figure 2-2, from 13 stage to 15). Eichenberger and Gribi suggested that DGCC could 

be a candidate lipid species to shuttle FAs from the ER to the chloroplast IEM of Diacronema lutheri, since  

the relative content of betaine lipids (such as DGCC) is directly proportional to PUFAs content [35]. 

Membrane contact sites, vesicular transport, membrane hemifusion and proteins identified as chloroplast 

lipid transporters are the four mechanisms proposed for lipid transport [29].  When lipid backbones 

reached the chloroplast, PG and DPG are incorporated directly into membranes and PA is converted to 

DAG by plastidial PAP. Ultimately, DAG – esterified to a PUFA (>C18), such as EPA – is used by MGD 

(Figure 2-2, stage 6) and DGD synthases (Figure 2-2, stage 8) to form EPA-rich galactosylglycerides MGDG 

and DGDG [61]. 

An alternative non-oxygen dependent pathway for PUFA biosynthesis is known as PKS pathway (Figure 

2-2, H). The polyketide synthases are subdivided into three types, I, II and III. Type I PKS and type II PKS 

have been identified in Haptophytes species Emiliania huxleyi, Chrysochromulina polylepis and 

Prymnesium parvum, and rely on the same four enzymes as the FAS pathway and can be completed with 

two isomerases (2.3i or 2.2i) [62–64]. The precursors of the PKS pathway are the same to those of the 

FAS pathway i.e., acetyl-CoA and malonyl-CoA. The ketoacyl-synthase (KS) and ketoacyl-reductase (KR) 

rule the addition of 2C while the dehydrogenase (DH) (alone or associated with the isomerases) and enoyl-
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reductase (βER) are responsible for the C-C bond formation. EPA and DHA production through the FAS 

(in chloroplast) and n-3 and n-6 pathways (in ER), requires 21 and 26 NADPH units, respectively, whereas 

the PKS derived EPA and DHA (in chloroplast) consume 13 and 14 NADPH units, respectively. PKS 

pathway for PUFAs synthesis involves fewer intermediates and consumes less NADPH compared to n-3 

and n-6 pathways; however it remains unknown which pathway is more active in Haptophytes species 

[65]. 

2.2.2.3 Lipid remodelling 

In most microalgal species, LC-PUFAs are mainly accumulated in polar lipids, especially in phospholipids 

and glycolipids. These lipids maintain specific membrane functions and provide the permeability barrier 

surrounding the cells and between organelles. Both the nature of the polar headgroup and the length and 

saturation level of their FA chains influence the membrane’s physical properties, such as fluidity, 

permeability, bilayer thickness, charge and intrinsic curvature [66,67]. Thus, LC-PUFAs, mainly EPA and 

DHA are essential to maintain the stability and function of membranes upon stress conditions as nutrient, 

temperature, salinity and light intensity shifts. Additionally, polar lipids act as a matrix for various 

metabolic processes as well as an intervenient in cellular signaling pathways (e.g., under stress 

conditions, DHA synthesis protect microalgal cells from oxidative damage) [68].  

Several authors indicate that EPA and DHA partitioning into TAGs results from an expedite adjustment of 

the composition of the cell membranes in response to a stress condition. Specific parameters discussed 

below seem to initiate cell remodelling processes, where thylakoid membrane lipids are broken down and 

their constitutive n-3 PUFAs rebuilt into TAGs, avoiding a slower cycle of synthesis, assembly, and 

distribution (Figure 2-2, stage 16) [34,35,69–71]. Usually, EPA and DHA synthesis are elevated under 

favouring growth conditions – exponential growth phase – such as nitrogen and phosphorus repletion, 

most probably due to elevated synthesis of membranes in actively growing cells [35,71]. During 

exponential growth phase, Diacronema lutheri presented PLs, namely PG and DPG, and BLs as DHA-

enriched lipids and GLs, mainly MGDG, as EPA-enriched lipids [24]. Hence, by changing cultivation 

parameters it might be possible to optimize the overall production and/or the fatty acid profile of 

membrane lipids.  

PG and DPG are the major PLs in thylakoid membranes of Diacronema lutheri. PG can be used as a 

precursor of DPG located on the inner mitochondrial membrane that are required for proper functioning 

of the oxidative phosphorylation enzymes [72]. Variations in the DGDG/MGDG ratio could modify the 

stability of chloroplast membranes. When the expression level of MGDG was reduced, the electrical 
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conductivity of the thylakoid membrane increased, and consequently decrease the photoprotective effect 

of the thylakoid membrane. DGDG confers thermotolerance to microalgae due to its bilayer-stabilizing 

properties and along with PG, are involved in the binding of extrinsic proteins, stabilizing the manganese 

cluster in Photosystem II (PSII). MGDG and DGDG are non-ionic lipids while SQDG is a negatively charged 

glycolipid, composed of more saturated fatty acids and it is probably required to maintain the balance of 

negative charges in the thylakoid membranes [73]. 

Nitrogen (N) starvation has been considered as the most critical condition triggering neutral lipids (mainly  

TAG) accumulation. In general, under N-starvation, chlorophyll content decreases and photosynthetic 

capacity of PSII reaction centres was partially inhibited, thus inhibiting the light energy capture and 

inorganic carbon fixation. The activity of the four major enzymes of Kennedy pathway, GPAT, LPAAT, PAP 

and DAG acyltransferase (DGAT) are also constrained.  

Therefore, without activation of de novo FA synthesis, TAGs are mainly assembled from membrane 

plastid-lipids hydrolysis [74–76].  On the contrary, under Phosphorus (P) starvation, neither light 

harvesting complexes nor PSII reaction centres appeared to be hindered, enhancing carbon fluxes to TAG 

assemble. This carbon accumulation occurs without massive degradation of essential membranes and 

maintaining a relatively high photosynthetic capacity. Both nutrient limitations contributed to TAG 

accumulation and LC-PUFAs partitioning to TAG in Diacronema lutheri [77]. Particularly P-starvation is 

also characterized by a replacement of phospholipids by glycolipids and/or betaine lipids since the 

predicted genes encoding SQDG synthase 1 (SQD1), MGDG synthase (MGD1), phosphatidate 

cytidylyltransferases (CDS) and betaine lipid synthesis enzymes (BTA1) were upregulated at the 

transcriptional level under P-limited conditions [75].  

BLs functions sill lack a comprehensive understanding, in part, due to the variability of BLs fatty acid 

profiles among microalgae and in response to different stress conditions [78]. It has been proposed that, 

under phosphorous starvation conditions, microalgae increase their content in BLs, such as DGTS, 

associated to a reduction in PLs. Therefore, P used to membrane lipid synthesis are now pointed forward 

to other essential metabolic pathways – PLs are degraded to release cellular P and to provide DAG 

backbones for a part of DGTS synthesis. It is commonly accepted that DGTS replaces PLs to act in the 

adaption to a fluctuating environment in microalgae [79,80]. During N starvation, Yang et al., 

demonstrated an increasing trend of DGTS was accompanied by TAG accumulation, in microalgae 

Chlamydomonas reinhardtii – thus acyl groups of BLs (i.e., DAGs backbones) may be employed for TAG 

synthesis [81]. 
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Figure 2-2: Overview of FA and LC-PUFAs synthesis in Haptophytes. ∆, desaturases; 2,2i, dehydrase 2-trans, 2-cis isomerase; 2,3i, dehydrase 
2-trans, 3-cis isomerase; 3-PGA, 3-phosphoglyceric acid; ACCase, acetyl-CoA carboxylase; ACS, acyl-CoA synthetase; ATP:CL, ATP-citrate 
lyase; BTA1L, betaine lipid synthase 1; CDP-DAG, cytidine diphosphate diacylglycerol; CDS, cytidine diphosphate diacylglycerol synthase; 
CLS, cardiolipin synthase; DAG, diacylglycerol; DGAT, DAG acyltransferase; DGD1, digalactosyldiacylglycerol synthase 1; DGDG, 
digalactosyldiacylglycerol; DGTA, diacylglycerol: diacylglycerol transacylase; DGTA, diacylglycerylhydroxymethyl-trimethylalanine; DGTS, 
diacylglyceryl trimethylhomoserine; DH, β-hydroxylacyl-ACP dehydrase; DPG, diphosphatidylglycerol or cardiolipin; ELO, elongases; FAT, 

fatty acyl-ACP thiosterase; FAX1, fatty acid export 1; G3P, glyceraldehyde-3-phosphate; Glycerol-3-P, glycerol-3-phosphate; GPAT, glycerol-
phosphate acyltransferase; KR, β-ketoacyl-ACP reductase; KS, β-ketoacyl-ACP synthase; LACS, long chain acyl-CoA synthetase; LPAAT, 

lyso-phosphatidic acid acyltransferase; MAT, malonyl-CoA:ACP transacylase; ME, malic enzyme; MGD1, monogalactosyldiacylglycerol 
synthase 1; MGDG, monogalactosyldiacylglycerol; PA, phosphatidic acid; PAP, phosphatidic acid phosphatase; PDAT, 
phospholipid:diacylglycerol acyltransferase; PDC, pyruvate dehydrogenase complex; PG, phosphatidylglycerol; PGD1, plastid galactolipid 
degradation 1 protein; PGP, phosphatidylglycerol phosphate; PGPS, phosphatidylglycerolphosphate synthase; PTPMT1, protein tyrosine 
phosphatase mitochondrial 1; RuBP, ribulose-1,5-biphosphate; SQD1, sulfoquinovosyldiacylglycerol synthase 1; SQDG, 
sulfoquinovosyldiacylglycerol; TAG, triacylglycerol; TAMM41, enzyme with CDS activity; βER, β-enoyl-ACP reductase. 
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On the other hand, some authors have suggested that BLs may be involved in the transfer of FAs from 

the ER to the chloroplast, as well as they may be the primary acceptor of de novo fatty acids before their 

processing and redistribution to other lipids [59,82]. It remains unclear if BLs can act as a source of 

DAGs to other lipids, given the ether bond in DGTS be much stronger than the phosphoryl ester bond in 

PC – ether bond is resistance to phospholipases C and D and no enzyme that cleaves this linkage has 

yet been identified [26]. 

2.3 STRUCTURAL CHARACTERISTICS OF CAROTENOIDS 

Carotenoids are natural pigments with colour ranging from yellow to red. These pigments are isoprenoid 

compounds with C40 backbones [83]. Their isoprenoid carbon chain is terminated at both ends by cyclic 

ring structures, which contain a double bond and could be attached to oxygen functional groups (e.g., 

hydroxy groups). The strict hydrocarbon carotenoids without any substituent (or even oxygen) in their 

structures are known as carotenes, namely β-carotene (β-car) and lycopene. The oxygen-containing 

carotenoids are identified as xanthophylls – lutein and zeaxanthin are two xanthophylls with –OH groups 

in their structures, whereas astaxanthin has both –OH and =O groups in its structure [84]. Moreover, 

some carotenoids such as violaxanthin (Vx) and diadinoxanthin (Ddx) contain epoxy groups, and others 

such as fucoxanthin (Fx) has acetyl groups in its structure [85]. The hydrocarbon chain highly contributes 

to hydrophobic character of carotenoids; however, the presence of polar functional groups may modify 

the polarity of carotenoids and in turn influence their localization within biological membranes and their 

interactions with various molecules. The roles of carotenoids are predominantly determined by their size, 

geometry and presence of functional groups [86].  

2.3.1 Carotenoids localization and function  

Carotenoid distribution among microalgal cells is related to its function5. In plants and microalgae both 

thylakoids and chloroplast envelope are the two major places for localization of primary carotenoids [84]. 

Although mainly located in the photosynthetic apparatus, carotenoids are not restricted to photosynthetic 

membranes [87]. Regarding the non-photosynthetic secondary carotenoids, which its production is 

triggered under stress conditions, they are accumulated in plastidial lipid droplets, mainly composed by 

TAGs. It is important to note that microalgae may contain three distinct pools of lipid droplets in cell: 1) 

the cytoplasmatic lipid droplets, 2) the plastidial lipid droplets or plastoglobules and 3) the eyespot 

apparatus (EA) [88–92]. Currently, the distribution and composition of carotenoids on these components 

only be assessed for higher plants [84,87,93].  
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In the thylakoid membrane, carotenoids are commonly bound to pigment-protein complexes and are 

required as functional and structural components of the photosynthetic apparatus [93]. Photosystems I 

(PSI) and PSII are large pigment-protein complexes consisting of a reaction centre surrounded by 

antennae complexes (or light harvesting complex proteins, LHCI and LHCII) that harvest and transfer light 

energy to the reaction centres [84]. As occurs at higher plants, microalgae reaction centres (PSI and PSII 

core complexes) may be Chl a binding complex with significant amount of β-carotene while light 

harvesting complex proteins (LHCI and LHCII) seems contain, besides Chl a, c1 + c2 and β-carotene, Fx 

and low amounts of Ddx and diatoxanthin (Dtx) [87]. Opposite to the other carotenoids, diadinoxanthin 

and diatoxanthin are not strictly bound to protein complexes, they are also present as free pigments within 

thylakoid and chloroplast envelope membranes [84]. This is required for their enzymatic activity in the 

xanthophyll cycle (see Chapter 2.3.3). 

Chloroplast envelope consists of the outer and inner chloroplast membranes. It is where part of 

carotenoid biosynthesis and the biosynthesis of GLs (MGDG, DGDG, SQDG), PLs (PG) and TAGs take 

place (see Chapter 2.3.2). The major carotenoids in these membranes may be the xanthophyll 

diadinoxanthin. Fucoxanthin and β-carotene could also be present [84]. 

Most flagellate microalgae displaying phototaxis hold a specialized light sensitive organelle, the EA. It 

enables an oriented movement response based on the direction and intensity of light. EA is a single 

orange-red structure formed by one or several layers of carotenoid-rich lipid globules (plastoglobules) 

within the chloroplast [91,94]. In fact, Kato et al ., shown that carotenoids in the eyespot apparatus are 

required for triggering phototaxis in phytoflagellate microalgae Euglena gracilis [91]. The major 

carotenoids of the EA also are species-specific. β-carotene is predominant in cells where the EA is located 

in a large and strongly pigmented chloroplast, , whereas  cells with a less pigmented chloroplast have 

other predominant carotenoids (e.g. γ-carotene and lycopene) [94]. 

2.3.2 Synthesis of carotenoids 

In cyanobacteria (Synechocystis sp.) and several microalgae genera (e.g. Chlorella, Dunaliella and 

Phaeodactylum) the biosynthesis of carotenoids follows the plastidial 2-C-methyl-D-erythriol 4-phosphate 

(MEP) pathway [95]. In chloroplast envelope, several nucleus-encoded membrane proteins are involved 

in the synthesis of carotenoids (Figure 2-3, stage 1 and 2) [96,97]. It was shown that most of the enzymes 

required for carotenoid biosynthesis are exclusively localized at envelope membranes [98,99]. However, 

the localization of carotenogenesis within envelope membranes is not yet clearly established. Some 
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evidence suggest that inner envelope membrane may be a site of carotenoid synthesis [100]. The 

produced carotenoids may be freely in the membrane lipids or in part, bound to outer-envelope proteins. 

Only xanthophyll cycle enzymes (Figure 2-3, stage 4) and phytoene desaturase (PDS) are found in 

thylakoids. The pigments transport mechanism towards the thylakoid remains unknown (Figure 2-3, stage 

3) [100].  

MEP pathway starts by adding pyruvate to G3P yielding 1-deoxy-D-xylulose 5-phosphate (DOXP) (Figure 

2-3, stage 1). This reaction is catalysed by 1-deoxy-D-xylulose-5-phosphate synthase (DXS). In the second 

enzymatic step, DOXP-reductoisomerase (DXR) converts DOXP to MEP. The conversion of MEP into 

diphosphocytidylyl methylerythritol (CDP-ME), followed by its conversion to diphosphocytidylyl 

methylerythritol 2-phosphate (CDP-MEP), is regulated by CDP-ME synthase (CMS) and CDP-ME kinase 

(CMK), respectively. The following step requires the enzyme MEcDP synthase (MCS) to produce the cyclo-

diphosphate-containing intermediate of the MEP pathway, methylerythritol 2,4-cyclodiphosphate 

(MEcPP). In the last two steps, MEcPP is converted into hydroxymethylbutenyl pyrophosphate (HMBPP) 

catalysed by HMBPP synthase (HDS) and then HMDPP is reduced to isopentenyl pyrophosphate (IPP) 

and dimethylallyl pyrophosphate (DMAPPp) by HMBPP reductase (HDR) [95,101].  

The IPP or DMAPP (C5 building block) initiate biosynthesis of carotenoids (C40 isoprenoids) due to chain 

elongation steps, which results into successive condensation of DMAPP to the growing polyprenyl 

pyrophosphate chain. IPP and DMAPP are isomerized by isopentenyl pyrophosphate isomerase (IPI). 

Chain elongation is catalysed by prenyl transferases that synthesize geranyl pyrophosphate (GPP, C10), 

farnesyl pyrophosphate (FPP, C15) or geranylgeranyl pyrophosphate (GGPP, C20), which are the precursors 

of mono-, di-, and tri-terpenes and carotenoids. FPP (C15) and GGPP (C20) are the immediate precursors of 

C30 and C40 carotenoids [95,101].  

The first step of carotenoid biosynthesis is the condensation of two molecules of GGPP to raise the first 

uncoloured carotenoid, phytoene, catalysed by phytoene synthase (PSY). There are many publications 

that review the carotenoid biosynthetic pathway in microalgae  [84,95,97,101–107]. Therefore, aligning 

the reviewed data with carotenoids composition of Diacronema lutheri, Pavlova gyrans and Pavlova 

pinguis [10,108–111], it be feasible to theorize the carotenoid biosynthesis pathway in Haptophytes. 

Figure 2-3 represent an overview of carotenoids synthesis in Haptophytes. 

2.3.3 Xanthophyll cycles 
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Xanthophyll cycles involve the de-epoxidation or epoxidation of xantophylls when microalgae are exposed 

to signficant changes in their culture parameters, such as light intensity and temperature. The main 

xanthophyll cycles known in microalgae are the Vx and the Ddx cycles. Microalgae containing the Ddx 

cycle include diatoms, haptophytes and dinophytes (Figure 2-3, stage 4) [112].  

During stress conditions (e.g. high illumination or temperature), the di-epoxy xanthophyll Ddx is de-

epoxidized to Dtx (epoxy-free xantophyll) in the Ddx cycle, which requires the enzyme diadinoxanthin de-

Phytoene 

Diadinoxanthin Fucoxanthin Neoxanthin 

ZEP Violaxanthin β-carotene Lycopene CrtISO ZDS 

ζ-carotene GGPP DMAPP 

HMBPP MEcPP DOXP Pyruvate G3P MEP CDP-ME CDP-MEP 

IPP Prenyl Z-ISO 

Zeaxanthin 

VDE Diatoxanthin 

Figure 2-3: Overview of carotenoids synthesis in Haptophytes. ? - not described; CDP-ME, diphosphocytidylyl methylerythritol; CDP-MEP, 
diphosphocytidylyl methylerythritol 2-phosphate; CHYb, carotene β-hydroxylase; CMK, CDP-ME kinase; CMS, CDP-ME synthase; CrtISO, 

carotene isomerase; DDE, diadinoxanthin de-epoxidase; DEP, diatoxanthin epoxidase; DMAPP, dimethylallyl pyrophosphate; DOXP, 1-deoxy-
D-xylulose 5-phosphate; DXR, DOXP-reductoisomerase; DXS, 1-deoxy-D-xylulose-5-phosphate synthase; EA, eyespot apparatus; G3P, 
glyceraldehyde-3-phosphate; GGPP, geranylgeranyl pyrophosphate; HDR, HMBPP reductase; HDS, HMBPP synthase; HMBPP, 
hydroxymethylbutenyl pyrophosphate; IPI, isopentenyl pyrophosphate isomerase; IPP, isopentenyl pyrophosphate; LCYb, lycopene β-

cyclase; LD, lipid droplet; MCS, MEcDP synthase; MEcPP, methylerythritol 2,4-cyclodiphosphate; MEP, 2-C-methyl-D-erythriol 4-phosphate; 
NSY, neoxanthin synthase; PDS, phytoene desaturase; PSY, phytoene synthase; VDE, violaxanthin de-epoxidase; ZDS, ζ-carotene 

desaturase; ZEP, zeaxanthin epoxidase; Z-ISO, ζ-carotene isomerase. 
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epoxidase (DDE) and the cofactors: ascorbate and MGDG. This reaction is reversible when microalgae 

are again exposed to favourable conditions – the back reaction is catalysed by diatoxanthin epoxidase 

(DEP) and demands high concentrations of NADPH and O2 in order to re-introduces one epoxy-group into 

Dtx, which results in Ddx regeneration [112].   

High light intensity and temperature enhance the production of reactive oxygen species (ROS) and its 

diffusion in the thylakoid membrane. Therefore, the reduction in the rate of oxygen and ROS diffusion in 

the membrane has been identified as the major protect mechanism against damage of the photosynthetic 

apparatus [113]. It was established that under mentioned stress conditions the thylakoid membrane 

fluidity decreases, and consequently the membrane diffusion rate, due to increased xanthophyll cycles 

activity. The membrane rigidity was directly related to the conversion of Ddx to Dtx [114,115]. Additionally, 

the interaction of the LHCs, mainly LHCII and MGDG also plays a crucial role in establishing and 

maintaining the lipid bilayer structure. MGDG is the main lipid of thylakoid membranes and is required to 

solubilize the hydrophobic Ddx cycle pigments [115]. When present at high concentration in thylakoid 

membranes, MGDG forms non-bilayer inverted hexagonal phases, which may be located outside of the 

membrane bilayer, within the thylakoid lumen, or within the plane of the thylakoid membrane. These lipid 

phases surrounding the LHCs are where the de‐epoxidases bind after their activation due to the thylakoid 

lumen acidification, and where the Ddx cycle occurs [116]. 

2.4 COMMERCIAL INTEREST OF PIGMENTS AND LIPIDS FROM MICROALGAE  

Microalgae have been seen as a promising sustainable source of high added value bioactives such as 

pigments and lipids (Table 2-1). In fact, most of these valuable compounds are not produced by human 

organism, and their traditional sources present several drawbacks like the environmental impact, the 

presence of contaminants harmful for human health or are synthetically produced which hinders their 

use in human diet [117–119]. According to some market research reports, consumer awareness of a 

healthy lifestyle has led to a growing interest in using algae as a nutraceutical or food supplement, 

accounting for about 70 % of the value of the global algae-based products market in 2018 [120]. 

Continued research and development in the algae industry promises to maintain the growth trend seen 

in recent decades, with an estimated 6 % annual increase in the global algae products market value 

between 2018 and 2027, reaching around US$ 56.5 billion [120]. 

Regarding the importance of microalgae pigments, especially the carotenoids, their natural source and 

the powerful antioxidant activity described in protective mechanisms on microalgae, made these 
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carotenoids a target for up-scale production and extraction for further implementation in food, 

nutraceutical and pharmaceutical products. Unlike synthetic pigments, natural carotenoids are a mixture 

of the trans and the cis isomer forms. The cis form improves the solubility of these carotenoids, increasing 

the bioaccessibility from 2 to 6.7 times when compared to trans form [121]. In addition, natural 

carotenoids showed 14-55 times greater antioxidant power than the same synthetic form [119].  

With the global market for carotenoids estimated to be worth US$ 2.0 billion in 2022 [122] and mainly 

produced via chemical synthesis, some of the most demanded and commercialized natural carotenoids 

are the β-carotene (US$ 300–1500 kg-1- Dunaliella), fucoxanthin (US$ 180–42000 kg-1 - Phaeodactylum), 

astaxanthin (US$ 200–7000 kg-1 – Haematococcus) and lutein (US$ 910–15000 kg-1 – Scenedesmus, 

Muriellopsis, Chlorella) [123,124]. As reported in Figure 2-4, several health benefits of these pigments 

have been described in literature. For instance, fucoxanthin, a carotenoid widely distributed in 

Pavlovophyceae species [10], is known to prevent and treat chronic diseases such as cancer, diabetes 

and obesity [125,126].  

Regarding the lipid compounds, special interest in the PUFAs fraction from microalgae has been 

highlighted, especially the essential fatty acids EPA and DHA. They are incorporated in various body parts, 

namely cell membranes where they play important roles related to flexibility and anti-inflammatory 

processes of cells, Figure 2-4. They are essential to the appropriate fetal development and healthy growth 

and act as precursors of several metabolites (e.g. resolvins and protectins), which are considered potent 

beneficial lipid mediators in prevention or treatment of mental health disorders dementia, Alzheimer's 

disease [144,145]. In European countries the mean intake of these fatty acids varies according to sex, 

age group, and dietary habits.  

Based on cardiovascular risk diseases, EFSA recommends a daily intake between 250 and 500 mg of 

EPA and DHA, a value much higher than the current intake verified in several European populations (25-

100 mg n-3 PUFAs.day-1)  [146]. The DHA is also a key component of all cell membranes and it’s 

abundantly present in the brain and retina, promoting efficient visual and neural development of the fetus, 

as well as prevents perinatal maternal depression [147,148].  

In contrast to n-6 FAs, the presence of n-3 FAs in the human diet has become scarce due to the 

massification of the food industry during the 20th century. In Western diets there is an estimated >15-fold 

increase in the consumption of n-6 FAs compared to the ancestral diet [14,149,150]. 
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Table 2-1: Biochemical composition of microalgae and common food sources for the human diet 

Microalgae Lipid content (% DW) n-3 PUFAs (% DW) Carotenoids (%DW) Chlorophyll (%DW) Ref. 

Pavlova sp. 
(Haptophyta) 

 
21.87 - 25.11 

 

DHA: 0.267 - 1.32 
16.4 c/EPA: 0.473 - 1.8 

34.2 c/ALA: 0.118 - 0.180 

Fucox.: 0.181 - 
0.735d/Diatox.: 0.027 - 
0.104d/Diadin.: 0.098 - 

0.594d /β-car: 0.025 - 0.092d 

Chl a: 61.0 - 97.7e /Chl c: 
0.084 - 0.232d 

[5,6,17–20] 

Diacronema sp. 
(Haptophyta) 

35.5 
12 - 50.14b 

DHA: 0.85 - 10 
5.6 - 11.2 c/EPA: 1.93 - 25 
11.0 - 27.6 c/ALA: 0.6 - 2.3 c 

Fucox.: 6.0 - 16.8a/Diatox.: 
0 - 8.5a/Diadin.: 13.9 - 
37.4a/β-car.: 8.1 - 46.9a 

Chl a: 17.9 - 36.8a; 
0.117 - 0.840 b /Chl c: 6.1 

- 12.2a 
[21–24] 

Tisochrysis sp 
(Haptophyta) 

8.473 - 15.739 DHA: 0.858 - 2.586 Fucox.: 0.394 - 1.309 Chl a: 0.487 - 1.894 [25,26] 

Isochrysis sp 
(Haptophyta) 

22.4 - 27.4 
DHA: 1.58 /EPA: 0.08 

/ALA: 0.38 

Fucox.: 0.223 - 1.643 
/Diatox.: 0.040 /Diadin.: 

0.025 /β-car.: 0.053 

Chl a: 0.106 /Chl c: 
0.196 

 
[17,22,27,28] 

Nannochloropsis sp. 
(Chlorophyta) 

24.4 - 35.7 EPA: 2.34 /ALA: 0.05 
Violax.: 0.337 /Zeax.: 
0.010 /β-car.: 0.100 

Chl a: 0.08 - 2.1 [17,21,22,29,30] 

Phaeodactylum sp. 
(Bacillariophyta) 

18.7 
DHA: 1.32 /EPA: 2.84 

/ALA: 0.03 

Fucox.: 0.220 - 1.270 
/Diatox.: 0.044 

Diadin.: 0.032 - 0.377/β-
car.: 0.006 - 0.055 

Chl a: 0.237 - 1.211 /Chl 
c2: 0.033 - 0.199 

[17,22,27,31] 

Dunaliella sp. 
(Chlorophyta) 

9.2 - 24.3 ALA: 0.03 - 3.0 β-car.: 0.485 - 10 
Chl a: 0.6 – 2 /Chl b: 0.3 

- 1.3 
[32,33] 

Fish 0.2 - 12 
DHA: 0.040 - 1.610/ EPA: 

0.003 - 0.448/ ALA: 0 - 
0.230 

n.d. n.d. [34] 

Carrot n.d. n.d. β-car.: 0.101 - 0.128 n.d. [35] 

Spinach n.d. n.d. 
Lutein: 0.167 - 0.219 /β-

car.: 0.148 - 0.185 
Chl a: 1.19 /Chl b: 0.32 [35] 

a % molar; b %AFDW; c % w/w lipids; d Pigments to chl a ratios (mol: mol); e µg.L-1; n.d.: not described. Pavlovophyceae species – underlined in yellow 



Maciel, F. (2022) 

24 
 

Among the main changes responsible for such a low intake of n-3 FAs are the widespread use of vegetable 

oils rich in n-6 FAs (e.g. oilseed oil, soybean oil) as cooking oils, the high consumption of cereals (mainly 

rice, corn and wheat), the substitution of natural dietary supplements rich in n-3 FAs (cod liver oil) for 

synthetic ones (vitamin A and D), the intensive production of livestock fed mainly on cereals instead of 

grass, and the lower n-3 FAs content of foods produced by the agri-food industry compared to their wild 

counterparts [149–151]. This imbalance in dietary intake has been linked to various health problems 

such as inflammatory diseases, cancer, and cardiovascular disease, highlighting the importance of a 

balanced diet with proper EPA and DHA supplementation [151].  

The global n-3 fatty acids market was valued at US$ 3.3 billion in 2017 and with an annual growth rate 

of 14.7%, it is estimated to reach US$ 9.8 billion by 2025 [152]. The food industry to meet the increased 

demand for n-3 PUFAs has been developing products enriched with n-3 PUFAs, such as milk, cheese, 

yogurts, bakery products, infant formulas, eggs and meat [153]. However, most solutions deal with some 

drawbacks regarding consumer acceptance and health safety. The main source of n-3 PUFAs is strongly 

associated with fish and fish oil, which have as problems the potential prevalence of contaminants 

(methylmercury and dioxins in fish) as well as the inability to be used in vegan and vegetarian diets [153]. 

Figure 2-4:Effects of omega-3 fatty acid and carotenoid supplementation on human health [15,49–75].     
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In order to overcome these drawbacks, several species of microalgae, as presented in the Table 2-1, have 

been presented as an alternative, productive and sustainable source of these biocompounds [4,154].  

2.5 EFFECT OF ABIOTIC FACTORS ON MICROALGAE BIOMASS PRODUCTION AND ITS 

BIOCHEMICAL PROFILE 

In the last decades, microalgae have been recognized as a promising resource to address some of the 

most challenging problems of the world population since i) they are a key player against the climate 

changes due to high carbon dioxide fixation, ii) a bioremediation agent of pollutant wastewaters, and iii) 

a bioactive rich source for pharmaceutical and nutritional applications. However, the worldwide production 

and market implementation of microalgae products remains strongly affected by the cost associated to 

its manufacture. An effort has been done to identify microalgae species with promising features for 

industry application and, at the same time, identify the main up- and downstream parameters that 

influence the biomass production, the biocompounds profile and the economic feasibility at large-scale 

production. Considering the upstream parameters, the impact assessment of the abiotic factors such as 

nutrient availability (macro- and micronutrients concentration), temperature, pH value, CO2 concentration, 

and the light quality and intensity has been the research subject in several species, to maximize the 

biomass production and understand the mechanisms underlying the production and accumulation of 

bioactive compounds, namely, lipids and pigments. 

2.5.1 Temperature 

Temperature has an important role in the biomass productivity and modulation of bioactives composition 

of microalgae. Although in some cases changing the temperature did not affect the final cell density, 

increase from 15 to 25 °C improved the biomass productivity, shortening by five days the time needed 

to reach the stationary phase of D. lutheri [34]. In addition to illumination, temperature  is one of the 

factors which greatly impacts the performance of microalgal growth in outdoor cultivations, as 

demonstrated by the decreased biomass productivity with P. viridis when cultured under low irradiance 

and low temperature [182]. However, the response to changes in growth temperature is species-

dependent, as exhibited by D. vlkanium, in which higher temperatures (18 vs 26 ºC) limited the maximum 

specific growth rate and promoted a marked decrease in the cell density (5- fold) (18 vs 26 °C) [183]. 

On the other hand, Pavlova OPMS 30543 showed higher growth performance with increasing 

temperatures, over the range of 15-35 °C, reaching 3.32 g DW.L-1 after 6 days at 35 °C [184]. Regardless 

the high- or low-light intensity applied, D. lutheri produced the highest nitrate consumption, the maximum 
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cell densities and maximum average growth rates when grown with intermediate temperature (12 and 18 

°C) in contrast with 8 and 28 °C. Cultivation under high temperature and high light promoted fully 

inhibition of this species [185]. In fact, temperature was shown to have a more pronounced effect on final 

Xmax than light intensity, and the opposite was verified for µmax [186]. The understanding of the heat stress 

on microalgae has been highlighted as a crucial stage to successful implementation of at industrial scale, 

being necessary to assess their thermal tolerance within a wide range of temperature to simulate the 

outdoor conditions. The decreasing of photosynthetic activity or even the cell death with increasing 

temperatures has been associated to membrane denaturation or enzymatic degradation, which greatly 

impacts the cell viability and the economic feasibility of algal production. For instance, the viability and 

photosynthetic activity of Dunaliella salina were strongly affected when exposed to temperatures above 

43 °C, promoting productivity losses of 35-40 % when grown outdoors without efficient temperature 

control [187]. According to the intensity of thermal stress, the decrease of photosynthetic activity can be 

attributed to i) the inactivation of thermosensitive PS II which, among others, is promoted by the 

dissociation of protein/cofactor complexes, production of ROS and fluidity changes on thylakoid 

membranes as well as the ii) reduced affinity of Rubisco for CO2, reducing the biomass production 

[188].The identification of species that are thermotolerant to diurnal temperature variations is a 

sustainable option compared to the development of reactors and cooling systems to reduce the cost and 

losses of biomass production. Barten et al. 2021 [189], estimated a 26.2 % reduction in industrial 

operating costs by using the thermotolerant microalgae Picochlorum sp. which is able to grow optimally 

at a daytime temperature of 40 °C.  As a response to different temperatures, microalgae alter the lipid 

and fatty acid composition as an adaptation response. At lower temperatures, D. lutheri increased the 

content of BLs (4-fold), PG and SQDG, while reduced the MGDG and, specially, the TAG content. Lowering 

the growth temperature of D. lutheri and D. vlkanium, the SFAs and MUFAs fraction decreased, whereas 

the LC-PUFAs (EPA and DHA) fraction increased [34,183]. The increase of EPA at a lower temperature 

was noticeable in all lipid fractions (TAG, MGDG, SQDG and BL), in contrast with DHA which increases 

solely in TAG and BL [34]. Similar response was attained regarding the TAG and LC-PUFA content of P. 

viridis when was cultured in the outdoor 60 L photobioreactor with different temperature and illumination 

profiles [182]. Likewise, the decrease of temperature growth had a positive effect on microalgae 

accumulation of other lipid soluble compounds, such as α-tocopherol in D. vlkanium with a >3-fold gain 

in late exponential phase between 18 and 26 °C [183], as well as the increasing content of 4-desmethyl 

sterols in P. salina [190]. D. lutheri grown under sub-optimal temperatures resulted in total or partial 

growth inhibition, implying a reduced content of TFA thanks to the low assimilation of nitrate from the 
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extracellular medium. The highest fraction of PUFAs - 39.7 % - was achieved in the mid-exponential phase 

at 12 °C and 40 μmol photons·m-2·s-1, whereas the highest content of EPA (19.3 mg·g-1 AFDW) and DHA 

(8.5 mg·g-1 AFDW) was observed after nitrate depletion at 18 °C. Such growth temperature and nitrate 

depletion promoted the highest membrane lipid turnover, TAG accumulation, and superior partition of 

EPA and DHA from PL to TAG in D. lutheri  [70]. The decrease in both lipid fraction and unsaturation of 

fatty acids with increasing temperatures has been described as the adaptive mechanism of microalgae 

cells to stabilize the cell membrane by reducing its fluidity [189]. Similarly, when exposed to lower 

temperatures (10 °C) C. reinhardtii increased the biosynthesis and accumulation of LC-PUFA (66 %TFA), 

especially alpha-linolenic acid (44 %TFA), to increase membrane fluidity under these culture conditions, 

which showed an adverse effect on the biomass and lipid productivity [191]. Despite the lack of variation 

in the fatty acid profile, one day under high temperature stimulation (40 °C) promoted a 40 % increase 

in the lipid content of Scenedesmus quadricauda [192].  

Temperature had also been shown as an abiotic factor able to modulate the pigment composition in 

microalgae. D. vlkanium was strongly affected by the increase of 8 °C on temperature culture, with the 

carotenoid and chlorophyll a concentration decreasing from 6.5 to 2.1 mg g-1 DW and from 3.0 to 1.5 mg 

g-1 DW, respectively. This factor also impacted then carotenoids profile, which comprised a 10 % gain in 

astaxanthin and depletion of lutein when cultured at higher temperature [183]. The increase of growth 

temperature also reduced the total pigments, carotenoids and chlorophylls of D. lutheri but solely when 

grown in high light conditions (200 μmol photons·m-2·s-1) [70]. However, opposite results were presented 

by Carvalho et al. [193] where temperature was suggested as an inducer of carotenogenesis, leading to 

higher contents of carotenoids and chlorophyll a in the whole set of light intensities tested [193]. The 

increment of total chlorophyll in Dunaliella viridis when the temperature raised from 25 to 35 °C was 

linked with the up-regulation of PSI and PSII subunit related genes and increased transcript levels of LHC 

proteins after the heat stress [194]. Nitrogen starved Chlorococcum sp. nearly doubled the astaxanthin 

(6.8-11.6%) and secondary carotenoid content (4.4-8.4 mg g-1 DW) when the growth temperature 

increased from 20 to 35 °C, suggesting better performance at higher temperatures of enzymes involved 

in keto-carotenoids biosynthesis [195]. Despite the known importance of carotenoids as an antioxidant 

agent under stress conditions for microalgae cells, increasing growth temperature did not always produce 

an increase in these pigments. The lutein and violaxanthin content of Picochlorum sp. remained constant 

with increasing diurnal temperatures, while the content of important ROS scavengers, antheraxanthin and 

zeaxanthin, decreased [189].  
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2.5.2 Salinity 

Salinity variation in growth medium impact the photosynthetic activity and biochemical profile of 

microalgae. The importance of this abiotic factor is normally linked to the effect of micronutrients, such 

as sodium, which are a threat to microalgae when its composition reaches toxic levels [196]. For instance, 

saline variations affect the cell membrane stability and fluidity [197], cell motility and morphology, as well 

as reduces or even ceases photosynthetic activity [198]. Salt can damage PSII and PSI due to the 

production of ROS and alter the protein profile in PSII reaction centres that will reduce electron transport 

to the plastoquinone pool [198].  

Changes in salinity media can greatly modify the biomass production and biochemical composition of 

microalgae. The absence of seawater fully inhibited the growth of Pavlova OPMS 30543, probably due to 

the low levels of Ca2+ and Mg2+ in culture media, whereas the remaining concentrations tested (25-100 % 

seawater) presented comparable biomass productivities, with the highest content of 6.16 g DW.L-1 

achieved with 50 % seawater [184]. Similarly, D. lutheri grown at higher NaCl concentrations (35 and 40 

ppt) promoted higher lipid content and biomass formation (Xmax: 0.026-0.025 g.L -1 d-1, respectively) 

compared with 15, 20, 25 ppt NaCl (Xmax:0.007-0.014 g.L -1 d-1) [199]. D. lutheri cultures grown at 35‰ 

salinity did not vary their final composition and sterol content when submitted to osmotic shock by 

changing the salt medium concentration to 15, 25, 35 or 45‰ [200]. However, the main variations in 

sterol profile were triggered immediately after the changes in salt concentration and only occurred until 

the full adaptation of the cell membrane to the new salinity levels [200]. On the other hand, the sterol 

content of D. vlkanium was reduced by 70 % when salinity increased from 5 to 50, regardless of growth 

stage [201]. 

The hypersaline media also promoted a strong decrease of the antioxidant capacity, chlorophyll a and 

lipid content of Diacronema vlkanium [201]. Between the tested salinities (5, 20, 35 and 50 ppt) the 

intermediate concentrations produced the higher cell densities, while increasing salinity promoted growth 

retardation or even cessation (50 ppt) during the lag phase. Concerning the lipid classes, cultures with 

salinity of 50 ppt produced higher percentage of TAGs, MGDG, DGDG, PG, and sterol esters, in opposite 

to the lowest content of SL and DGTA lipids. The hypersaline condition proved to negatively impact the 

nutritional value of the microalgae mostly due to lower content of EPA and DHA [201]. Likewise, the saline 

stress of 400 mM NaCl was described as an interesting tool to promote the oxidative stress in 

Scenedesmus sp., which increased lipid content up to 33 % and 25 % in batch grown cultures and after 

a two-stage cultivation with duration of 3 days, respectively. As an acclimatization process to resist the 
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osmotic shock promoted by the salinity variation, the stressed cells showed a different lipid composition 

than the untreated cells, namely higher content of neutral lipids (75-76 % vs 67 %) and reduction of 

glycolipid fraction (7-11 % vs 17 %) which reduced the permeability and fluidity of the cell membrane 

[202]. 

Overall, cultures enriched with salt concentrations of 5 to 25 mM NaCl, KCl, MgCl2 or CaCl2 produced a 

lower biomass content than control cultures of Chlorella sp. (0 mM), while in Desmodemus sp. a slight 

increase of biomass was only described with 20-25 mM of KCl and, specially, with the 25 mM of CaCl2. 

The increasing salt concentrations reduced the chlorophyll content of both species, with a more 

pronounced effect on Chlorella sp. Moreover, the authors highlighted the positive effect of CaCl2 treated 

cultures on the final lipid content and composition, suggesting the important role of Ca2+ in the signaling 

pathway for lipid production. Supplementation of Chlorella sp. with 25 mM CaCl2 increased the lipid and 

oleic acid content up to 40 % and 64 %, respectively, whereas the Desmodemus sp. treated with 5 mM 

CaCl2 reached 45 % of lipid content and 53 % of oleic acid [203].  

The importance of salinity in improving biomass production and, consequently, its fucoxanthin content 

was described in two halotolerants and four marine microalgae [204]. According to species, the higher 

content of fucoxanthin in the marine microalgae Chaetoceros muelleri, Pheodactylum tricornutum, 

Chrysotila carterae and Tisochrysis lutea ranged from 1.04 to 2.92 mg g-1 AFDW, and were achieved when 

grown at lower NaCl concentrations (35 to 45‰, ppt). Regarding the halotolerants species, the maximum 

content of fucoxanthin in Amphora sp. was 1.21 mg g-1 AFDW at 85‰, while the Navicula sp, was 1.49 

mg g-1 AFDW at 75‰. These values were strictly dependent of the saline conditions applied, whose values 

in the halotolerant species dropped up to 80 % of the optimal fucoxanthin content under non-optimal NaCl 

concentrations. Significant productivity losses (>90%) were also described for the marine species when 

grown at salinity levels > 45‰ [204]. On the other hand, the raise of NaCl concentration from 0 to 400 

mM reduced, in dose dependent manner, the photosynthetic activity in cultures of freshwater 

Scenedesmus sp, decreasing the chlorophyll from 10.53 to 1.84 ug.mL-1 and carotenoids from 1.36 to 

0.41 ug.mL-1., respectively [202].  

2.5.3 Illumination 

Considered as the most limiting factor to photosynthesis in the ocean [205], without the light energy the 

photoautotrophs are disabled to produce the indispensable chemical energy - adenosine triphosphate 

(ATP) and the reduced form of nicotinamide adenine dinucleotide phosphate (NADPH) - to reduce CO2 for 
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further carbohydrates synthesis [206]. Furthermore, this abiotic factor exerts an important role in the 

modulation of several enzymatic processes, that affect the cell growth as well as the biochemical 

composition, such as the elongation of FAs and their partition in different lipid classes [207].  

Several studies have pointed out the importance of the light intensity on Pavlovophyceae species 

[69,70,110,186,208]. Regardless the dilution rate tested, the increase of light intensity from 75 to 120 

µE.m-2.s-1 positively affected the cell growth and the lipid content in continuous cultures of D. lutheri, while 

the variation in EPA content was mainly attributed to the different dilution rates and CO2 levels [208]. 

Growth rates of eleven haptophytes increased significantly with increasing light intensities from 60 to 350 

µmol photons·m−2·s−1 [110]. The lipid content of D. lutheri supplemented with NaHCO3 increased at higher 

irradiances (100–340 µmol photons·m−2·s−1) compared to growth-limiting irradiance (20 µmol 

photons·m−2·s−1), while the growth rate was favored by the intermediate irradiation (0.173-0.181 d-1) 

compared to the upper and lower irradiation level (0.111-0.145 d-1) [185]. Opposite trend was stated in 

other study with this species, with a ≈2-fold decrease on the lipid content when illumination increased 

from 9 to 30 W.m-2 [69]. The increase of light intensity from 9 to 19 Wm -2 in D. lutheri promoted an 

accentuated gain of the TAG fraction from 23 to 78 % TFA. The content of some polar lipids associated 

with cell membranes or thylakoids showed a negative correlation with the increase in illumination from 9 

to 30 Wm-2, such as the decreasing content of MGDG (≈18-fold), PGs (≈3-fold) and BLs (≈2-fold) [69]. 

Similar trends between TAG and PL were verified in D. lutheri cultures [70]. 

The variations in lipid classes through the different light intensities promote changes in fatty acid 

composition. With increasing irradiances, there was an increase of TAG content in D. lutheri, which had 

as dominant fatty acids C14:0, C16:0 and C16:1(n-7). At low light intensities was reported an increased 

accumulation of lipids in photosynthetic membranes and the predominance of C20:5(n-3) and C18:4(n-

3) [69]. Similar trends were stated in the mid-exponential growth phase of D. lutheri, with increasing 

content of EPA under low illumination and higher SFA and DHA at high intensities [185]. In nitrate-limited 

cultures of D. lutheri grown at 12 °C, the highest level of EPA (20.5%) and DHA (9.6%) were attained at 

40 and 200 µmol photons·m−2·s−1, respectively [70]. 

The light intensity also proved to be able to stimulate the accumulation and/or the partition of different 

LC-PUFA from PL to TAG fraction, a mechanism reported in a limited number of species beyond the D. 

lutheri [77]. The partitioning of EPA and DHA into TAGs in nitrate-limited cultures was influenced by light 

intensity, with the highest EPA content (14.7 mg-g-1 AFDW) achieved at low light intensity, while the highest 

DHA content was reached at high light intensity (6.9 mg-g-1 AFDW) [70]. Guihéneuf et al. [207], suggested 
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that low illumination induced the gene expression of desaturases and elongases, such as Δ17 

desaturation, Δ5-elongation and Δ4-desaturation, which are the main responsible for the higher level of 

FA unsaturation, and thus the higher levels of EPA and DHA. Similarly, the authors also suggested that 

this modulatory role extends to the gene expression of enzymes, acyltransferases, which are responsible 

for the possible partition of EPA into TAG at low irradiance [207].  

The variation in light intensity also affects the pigment profile and content of microalgae. Normally, the 

chlorophyll content of microalgae, as well as some polar lipids present in the thylakoid membranes, 

decreased with increasing illumination due to a down-regulation of chloroplast activity [69]. The cellular 

Chl a content of D. lutheri was higher when cultured at reduced irradiance (20 µmol photons·m−2·s−1) 

[185]. The increase from 40 to 200 µmol photons·m−2·s−1 decreased the total pigments content regardless 

the temperature and nutrient conditions. Increased illumination had an opposite effect between the 

fraction of chlorophylls and the carotenoids, with the latter increasing its content, mainly due to the 

increased concentration of the photoprotective pigments β-carotene and diadinoxanthin [70].  

Pigment patterns of eleven haptophytes were evaluated at three different illumination levels (60, 110 and 

350 µmol photons m−2·s−1) [110]. The authors suggested as the main trends the decrease in the pigment 

ratios of chlorophyll c/chlorophyll a and fucoxanthin/chlorophyll a with increasing light. In fact, the highest 

light intensity does not promote an increase of photoprotective carotenoids. The authors highlighted the 

effect of the light in chlorophyll c pool and fucoxanthin pool, where the former was mainly composed of 

chlorophyll c3 at low light, while chlorophyll c2 was predominant at higher light intensities [110]. 

In addition to the effect of intensity, several studies have evaluated the effect of light quality on microalgae. 

D. lutheri cells treated with UV-C radiation at 100 mJ.m2 had doubled their sterols content (20.3 mg.g-1 

DW) [209]. UV-C radiation generated oxidative stress, inducing the overproduction of sterols, such as 

poriferasterol, epicampesterol, methylergostenol, fungisterol, dihydrochondrillasterol and chondrillasterol 

to restore the membrane integrity and quench the ROS [209]. Furthermore, UV-C radiation (10 mJ.cm2) 

raised the EPA level up to 12.6 % of TFA in D. lutheri [210]. However, opposite trends were described in 

D. lutheri when exposed to UV-A and UV-B radiation [211]. The growth softened and the chlorophyll a 

content slightly decreased after 8 days of UV treatment, while photochemical efficiency of D. lutheri 

reduced significantly (22-40%) after UV radiation. The UV treatment led to a reduction of 20 % in EPA and 

16 % in DHA levels after 8 days, which was probably attributed to FAs peroxidation, decreasing the 

presence of EPA and DHA in glycolipids and phospholipids, respectively. Odontella aurita, on the other 



Maciel, F. (2022) 

32 
 

hand, proved to be a more resistant species since its biochemical composition did not change after UV 

exposure [211].  

According to the species-specific pigment composition of microalgae, application of light-emitting diodes 

(LED) as illumination source has been highlighted as a promising and cost-effective approach to improve 

the microalgae growth and, depending on the optimal light wavelength, modulate the production of 

important bioactives. Kim et al. [212] implemented a two-stage growth system using different LED 

wavelengths. In the first stage, the highest biomass contents of D. lutheri, P. cruentum and C. vulgaris 

were achieved by blue (465 nm), green (520 nm) and red (625 nm) LED wavelengths, respectively. In 

the second stage, the LED wavelength was changed to yellow in D. lutheri, green in C. vulgaris and red 

in P. cruentum which promoted the highest lipid and PUFA content. Botryococcus braunii grown with the 

combination of 80 % red and 20 % blue LED illumination achieved the highest lipid content and the highest 

level of PUFA [213]. This strategy also proved useful for maximizing the cell growth and boost the 

accumulation of fucoxanthin on Odontella aurita grown in a photobioreactor with a red:blue light ratio of 

8:2 [214].  

2.5.4 Nitrogen  

Several studies have pointed out nitrogen as a crucial macronutrient for microalgae, with a marked impact 

on the metabolic behavior of microalgae, which can vary according to its source and its level in the culture 

medium. For instance, it’s widely accepted that nitrogen limitation decreases the cellular content of 

thylakoid membrane, promotes the phospholipid hydrolysis and activates acyl hydrolase to degrade 

glycolipids. Consequently, these changes may rise the intracellular content of fatty acid acyl-CoA, which 

in nitrogen-depleted conditions are converted by the diacylglycerol acyltransferase into TAG, increasing 

the lipid and TAG content in microalgae [215]. 

Regardless the importance of temperature and light, the nutrient composition, namely the depletion of 

nitrogen, was the main driver to regulate the synthesis of TFA in D. lutheri. This condition promoted a 

1.6- to 3.7-fold increase in the level of TAG, whose composition reached the maximum EPA and DHA 

contents [70].  Similar behavior was described in the same species, supplemented with different 

bicarbonate concentrations, whose TAG percentage increased from 29–42 % of TFA to 54–74 % after N-

depletion. This condition induced alterations in TFA profile, namely an increase of SFA and MUFA through 

the increment of C16:0 and C16:1 n-7, and at same time reduced proportion of PUFA, such as C18:4 n-

3, EPA and DHA [216]. 
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Several nitrogen sources have been used for microalgae growth, such as NaNO3, KNO3, CO(NH2)2, NH4Cl, 

NH4NO3, NH4HCO3, CH3COONH4, glycine, and yeast extract [184,217,218]. The appropriate N source to 

maximize biomass production is species-specific. Pavlova spp. produced the highest biomass content 

with KNO3 [184,217], whereas Tetraselmis sp. with yeast extract produced 1.5 times more biomass 

compared to the inorganic nitrate sources [218].  

Moreover, the nitrogen concentration should be tailored to the individual needs of each microalgal growth. 

The optimal nitrate supplementation for D. lutheri and P. cruentum was 160 mg.L-1 of NaNO3, whereas 

C. vulgaris achieved the highest biomass with 240 mg.L-1 of NaNO3 [212]. The authors suggested that 

highest nitrate concentration was inhibitory to the cells, probably, due to increased activity of nitrate 

reductase that led to the accumulation of inhibitory compounds such as ammonia and nitrite. The effect 

of culture medium composed of different N sources, such as ammonium and nitrate, was evaluated on 

D. lutheri cultures. The authors found diauxic growth of D. lutheri with a higher affinity for ammonium 

and lower cell densities compared to the best formulation, which was solely composed of nitrate [132]. 

The use of potassium nitrate, ammonium chloride and urea produced no significant differences in n-3 

LC-PUFA production in Diacronema lutheri, with EPA content ranging from 0.63 to 1.24 mg.L-1, and DHA 

content from 0.38 to 0.70 mg.L-1 [217]. The nitrate and/or phosphate replete or deplete conditions did 

not result in considerable differences on sterol content of D. lutheri, whose values ranged from 5 to 7.6 

mg.g DW-1 [200]. The effect of KNO3 and Na2HPO4 on N. oculata, T. suecica, I. galbana and D. lutheri, 

overall, showed that biomass production was favored by increasing nitrate up to 120-150 g.L-1 and 

phosphate concentration up to 12-15 g.L-1. The highest lipid content, which according to the species 

ranged from 23.8 to 37.1 %, was reached with lower KNO3 and PO4 concentration, namely 10-70 g.L-1 

and 4-7 g.L-1, respectively [219]. Likewise, the medium with highest N supplementation (1.76 mmol N.L -

1) promoted the highest specific growth rates and cell densities of T. subcordiformis, N. oculata and P. 

viridis which presented the lowest lipid content among the nitrogen concentrations tested (1.76 - 0 mmol 

N.L-1). N. oculata and P. viridis with 0.22 mmol N.L-1 had the highest lipid content, mostly composed by 

neutral lipids, and the FA profile enriched with SFA (e.g. C16:0) and lower levels of PUFA (e.g. EPA) 

relative to the enriched N conditions [220].  

According to Thiyagarajan et al. [221], the different levels of PUFA in the haptophytes Isochrysis sp. and 

Pavlova sp. are modulated by the fatty acid gene expression Δ6-elongase gene and Δ5-desaturase gene, 

respectively, under nitrogen stress. Under nitrogen replete conditions (500 mg.L -1) the Δ5-desaturase 

gene expression in Pavlova sp. was improved 3.3-fold compared to control (100 mg.L-1), whereas the Δ6-
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elongase expression was 1.7-fold improved either by repletion or depletion of nitrogen. Both species had 

the highest gene expression in the initial logarithmic phase. Thus, the authors proved that the 

concentration of this nutrient in the medium, besides being decisive for the final lipid content, is critical 

in determining the unsaturation level of the fatty acids [221]. 

The N source also had an impact on pigment composition. Pavlova sp. grown with NaNO3 produced the 

highest fucoxanthin content, 12.74 mg.g-1 DW, increasing from 1.5 to 2.3 times compared to the other 

nitrogen sources (KNO3, CO(NH2)2, NH4Cl) [184]. Under low light and N-depleted conditions, D. lutheri 

decreased its production of photosynthetic pigments (Chl a, Chl c and fucoxanthin) and increased β-car 

content. On the other hand, at higher illumination, N-depletion resulted in an increase in 

diatoxanthin+diadinoxanthin pigments while the β-car level decreased [70]. The lower nitrogen 

concentration and higher carbon content of the Ben-Amotz medium were suggested to be primarily 

responsible for the 30 % increase in carotenoid accumulation and higher carotenoid/chlorophyll a ratio 

in Dunaliella salina grown outdoors [222]. 

2.5.5 Phosphorus  

Phosphorus is of utmost importance for cells considering the high content of this macronutrient and its 

wide distribution in various cellular components. Among the molecules with the highest phosphorus 

content are those with structural action in cell membranes (e.g. glycerophospholipids), molecules acting 

as energy storage (e.g. polyphosphate) as well as molecules involved in signaling pathways such as ATP 

(Blank 2012). Phosphorus content in biomass of microalgae ranged from 1 % [224], when cultured in 

the limiting P conditions, to 3.85 % when cultured in the luxury P conditions [225]. Luxury P uptake occurs 

in phosphorus-replete environments, with phosphorus accumulating in the form of polyphosphate. This 

can be used in cellular metabolism or as a storage compound that will promote the growth of microalgae 

once the external environment presents phosphorus-limiting concentrations [224,226]. 

Several growth models have been proposed to explain the relationship between microalgae growth, the 

concentration of phosphate in extracellular media, and its uptake and accumulation within the cell. 

Normally, phosphate uptake is carried out by several transporters in cell membrane, which, according to 

the species and phosphorus supply, leads to different affinities and uptake rates [226]. The addition of 

phosphate spikes in D. lutheri cells increased up to three times the maximum uptake rates of this nutrient, 

compared to the cells under steady-state uptake conditions, leading the authors to suggest the existence 

of multiple phosphate uptake systems in D. lutheri [227]. 
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According to Terry [228], the phosphate uptake in D. lutheri demonstrated inhibitory effects on the uptake 

of nitrate. This partial inhibition of nitrate uptake was reported over a wide range of N:P ratios, with this 

behavior being most pronounced at the highest N:P ratios (P-limiting conditions) and in cells with the 

highest growth rates. D. lutheri when exposed to high concentrations of both nutrients demonstrated 

similar uptake rates of N and P, despite the forty-fold smaller requirement of P. In nutrient rich conditions, 

the cellular quota of P increased many times higher than the P required (6-fold), whereas the maximum 

storage of N was doubled. Increasing P uptake capacity as external P supply increases has also been 

reported in Scenedesmus sp [229]. The preference for the phosphate uptake could be developed as an 

adaptative mechanism that allowed the microalgae to take advantage, and thus grow successfully in 

natural environments (e.g., open sea) where phosphate concentration is limited [228]. The ability to grow 

under P starved conditions was confirmed when D. lutheri achieved similar cell density when grown with 

N:P ratios of 9.8 and 125. The authors also argued that phosphorus starvation induced a decrease in N 

uptake, which is likely related to a decrease in ATP content that is crucial for N assimilation by cells [71]. 

The external P concentration affected the distribution of this nutrient in the main storage pools of 

microalgae cells. Namely, low P concentration promoted greater storage of inorganic phosphorus and 

organic phosphorus in extracellular polymeric substances and intracellular polymeric substances, 

respectively. On the other hand, Scenedesmus sp. grown under P-rich conditions resulted in the uptake 

of large amounts of inorganic phosphorus by intracellular polymeric substances which were then 

converted into organic phosphorus [229]. The ability to use the P stored in cell reserves under external 

phosphate deprivation to produce microalgae biomass increased in nine marine microalgae, which 

according to species the phosphate use efficiency was improved up to 7-fold. Depending to the species 

the authors also assumed that the internal P cell quota and the contents of betaine lipids and 

phospholipids performed an important regulatory role in the luxury phosphate uptake [230].  

As stated under N-starvation conditions, depletion of phosphorus also leads to a similar decrease in 

photosynthetic activity of PSII and reduced the MGDG/DGDGD ratio on thylakoid membranes. The content 

of pigments, soluble proteins and soluble carbohydrates were negatively affected in phosphorus-starved 

cells, although to a lesser extent when compared to N-starved cells. Similarly, stress conditions of P and 

N reduced the C20:5 content in FA composition of polar lipids, whereas a marked increase of C14:0, 

C16:0, C16:1 and C20:5 was reported in neutral lipids of D. lutheri, with the variation on C20:5 being 

the result of membrane polar lipids recycling  [71]. 
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Phosphorus stress has been seen as an important modulator of lipid composition on microalgae. Batch 

cultured Scenedesmus sp showed a decrease >40 % in biomass production with the decreasing 

concentrations of phosphorus from 50 to 0.5 mg.L-1, whereas the lipid content in the same conditions 

rise from 22.3 to 42 %. In order to achieve the highest lipid content without impaired the microalgae 

growth, the authors suggested the limited addition of phosphorus (2 mg.L -1) every 48h, which promoted 

a lipid content of 41 % and a lipid productivity 84.2 % higher than the control conditions. The major 

modifications of P limitation in lipid composition were the increment on neutral lipids and saturated fatty 

acids and a reduction in phospholipids proportion [231]. A similar trend was observed in the freshwater 

microalga Chlorella sp. where lipid content and lipid productivity were higher with limited phosphorus 

concentrations, a behavior corroborated by decreased lipid accumulation after feeding the microalgae 

with external phosphorus in the late growth phase. The phosphorus-deprived conditions also increased 

the content of neutral lipids and replaced the phospholipids by phosphorus-free glycolipids and sulfolipids 

[232]. 

In addition, the phosphate supply also affected the pigment composition, and therefore the color of the 

cultures. Nannochloropsis gaditana grown in phosphate limiting conditions enhanced the production of 

valuables carotenoids such as violaxanthin, zeaxanthin and cantaxanthin [233]. The highest accumulation 

of carotenoids (4.32 mg.g-1 DW) in P. pinguis was reached under low phosphorus supply, probably as a 

result of a protective mechanism against oxidative stress. This pigment content promoted yellowish 

cultures, instead of the brown color when grown under nutrient-rich conditions [128]. Phosphorus 

depletion allowed a 1.6-fold increase in total carotenoid content of Tetraselmis marina, but a two-stage 

cultivation with phosphorus supplementation raised the carotenoid content up to 2.2 times compared to 

control conditions [234]. Generally, the chlorophyll content did not follow the trend for carotenoids, and 

its composition decreased independently of the phosphorus supplementation used [234].   

2.5.6 Micronutrients - minerals and vitamins 

Culture media have a wide variety of nutrients that are present in smaller concentration but play a critical 

role in microalgae growth and biochemical composition. Thus, efficient control and implementation of 

biomass production to achieve bioactive metabolites of interest for potential industrial applications, 

requires a thorough understanding of the effect and importance of these micronutrients, such as minerals 

and vitamins, in order to optimize and tailor the cultivation process to the desired microalgae [132,235].  

Despite the mineral composition of microalgae is variable according to the species, growth media and 

growth stage, it is predominantly composed by minerals such iron, calcium, magnesium, phosphorus 
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(see Chapter 2.5.5), sodium, potassium and trace elements like as aluminum, copper, manganese, 

strontium, zinc, barium, chromium, cobalt and vanadium [236–238]. Usually, the mineral content is 

estimated by the ash determination, and its value in marine and freshwater microalgae can range from 

low ash level (<10%), such as the Nannochloropsis granulata, Botryococcus braunii, Chlorella sp. [236] 

and Pavlova sp. [239], to moderate level (14-17%) as described in Phaeodactylum tricornutum, 

Neochloris oleoabundans and Tetraselmis chuii [236].  

The ability of microalgae to accumulate some of these minerals with important biological functions has 

been known for a long time, reason why microalgae biomass has been widely used as an important fish 

feed [240] and a valuable and promising nutritional source for human diet [237]. On the other hand, it 

has been shown that microalgae exhibit a high metabolic plasticity showing high tolerance and robust 

growth in wastewater rich in minerals labeled as harmful and toxic to the environment (heavy metals). 

The efficient accumulation of these heavy metals in microalgae biomass presents them as an alternative 

bioremediation tool to treat polluted waters [241,242]. 

Despite the diversity of micronutrients present in culture medium formulations, not all of them have the 

same degree of importance for cell growth and photosynthetic activity. The micronutrients requirements 

are variable according to microalgae species, as described to Botryococcus braunii (Fe>Mn>Mo>Ni) 

[243], and Symbiodinium kawagutii (Fe>Zn>Mn>Cu>Ni>Co) [244]. Each of these micronutrients has a 

specific activity at the cellular level, namely a structural, catalytic, physiological and/or regulatory function 

[245]. For instance, magnesium is associated to the synthesis of ROS and protein production. Mg is 

reported as important cofactor and allosteric regulator of over 300 enzymes, among which stands out 

ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) whose activity, and consequently 

photosynthetic rate, is strongly reduced when exposed to Mg-deficient conditions [246]. Considered the 

third most limiting nutrient for plant growth, iron plays an important role in the synthesis of chlorophyll, 

which is why about 80 % of this nutrient is found in photosynthetic cells. It is also an important cofactor 

in hormone synthesis and is involved in other biological processes, such as DNA synthesis and nutrient 

uptake [247]. Calcium is present intracellularly in large quantities, acting as a crucial messenger in signal 

transduction when eukaryotic cells are exposed to external variations. Cytosolic calcium variations 

promote an appropriate cellular response through efficient protein regulation [248]. Copper acts as an 

important cofactor that regulates the activity of valuable metalloproteins such as plastocyanin, cytochrome 

c oxidase, and multicopper oxidase, which are involved in redox homeostasis and photosynthetic activity 

of microalgae [249]. Similarly, zinc also affects the photosynthesis acting as a cofactor of carbonic 
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anhydrase, an enzyme responsible by the interconversion of CO2 to HCO3, which regulate the CO2 supply 

to Rubisco enzyme [250]. A full description of the activities and functions of the remaining micronutrients 

in photosynthetic organisms was reviewed extensively elsewhere [245,251].  

Although they are seen as essential minerals, it is important to tailor the concentrations of these minerals 

to the cellular requirements. Some works have reported the toxic nature of these minerals at high 

concentrations, that strongly impaired physiological and biochemical processes of microalgae, leading to 

growth inhibition [252,253], as a result of lipid peroxidation and oxidative stress induced by ROS [254].  

In addition, the evaluation of tolerance to these nutrients must consider the species-specific sensitivity as 

well as the effect of growing conditions, such as cell density [253] and interactive effects with other 

nutrients [255]. For example, it was reported an increase of Cu toxicity in Selenastrum gracile grown in 

phosphorus limited conditions [255].  

Beyond the mineral nutrient, vitamins are others trace elements with important role for photoautotrophic 

microalgae. According to Brown et al. [256], the vitamin content of four microalgae is composed by 

vitamin A, B1, B2 B6, B7, B12, C and E. The variation of some vitamins between the species analyzed and 

the culture conditions assessed ranged from 2- to 10-fold. Vitamin C was the most prominent vitamin 

ranging from to 1.3 to 3.0 mg.g-1, whereas cobalamin (B12) and biotin (B7) did not exceed 2 ug.g-1 [256]. 

Microalgae have a vitamin auxotrophic nature, which means that the vitamins required to sustain cell 

growth are obtained exogenously. In the ocean where vitamins availability is low, microalgae acquire these 

nutrients from prokaryotes possibly by symbiotic interaction, with the microalgae supplying the carbon 

product from photosynthesis in exchange for the vitamins of bacterial origin [257]. As proposed by Nef 

et al. [258], in a survey of nineteen haptophyte species, a B12 auxotrophic phylum, the authors suggested 

that the preferred source for dealing with deficiency of this vitamin is cobalamin-producing bacteria, either 

by cell lysis or excretion. However, other mechanisms were also described such as the uptake and 

assimilation of methionine for protein synthesis, the end product of the B12 cofactor-dependent enzyme, 

as well as the regulation of cobalamin-dependent cellular processes under B12-limited conditions [258]. 

When external vitamin B1 conditions did not meet the cellular needs of some haptophytes, these 

microalgae demonstrated the ability to utilize precursors of this vitamin as an alternative source, such as 

the pyrimidine compound 4-amino-5-hydroxymethyl-2-methylpyrimidine, which even allowed for superior 

growth rates compared to vitamin B1 [259]. 

Several authors have reported as a key growth factor for microalgae the addition, in a species-dependent 

combination, of vitamin, B1, B7 and B12 to the growth medium. For instance, in a survey of 306 microalgae 
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species from seven different phylum, 51 %, 22 %, and 5 % required the supplementation of cobalamin, 

thiamine, and biotin, respectively [260]. These vitamins develop a crucial role on microalgae metabolism 

acting as an important cofactor of several enzymatic processes. For instance, vitamin B12 regulates 

enzymes involved in protein production (methionine synthase), DNA synthesis (class II ribonucleotide 

reductase) and in TCA cycle by reverse isomerization of methylmalonyl-CoA to succinyl-CoA 

(methylmalonyl-CoA-mutase) [258]. Vitamin B1 is phosphorylated to thiamine pyrophosphate (TPP) acting 

as a critical cofactor in carbohydrate and amino acid metabolism. Thiamine-dependent enzymes are 

associated to TCA cycle being responsible by the conversion of pyruvate into acetyl-CoA (pyruvate 

dehydrogenase) and conversion ofα- ketoglutarate into succinyl-CoA (oxoglutarate dehydrogenase). 

Vitamin B1 also impacts catabolic reactions in the pentose phosphate pathway and the Calvin-Benson 

cycle through the regulation of transketolase [261]. Vitamin B7 enables the carboxylase enzymes involved 

in carbon dioxide metabolism, which mediate cellular processes such as gluconeogenesis, fatty acid 

synthesis, and branched-chain amino acid catabolism [262].  

Several research have addressed the effect of these micronutrients on Pavlovophyceae species. The 

importance of mineral composition for the growth of D. lutheri was described by Carvalho et al. [132]. 

Among the growth conditions evaluated, the authors identified the lower concentration of toxic 

micronutrients (e.g. copper and molybdenum), the higher concentration of the chemical EDTA chelator - 

which complexes heavy metals and reduces their toxicity to the cells - and the chemical form of the 

micronutrients as the main reasons for improved cell density [132]. Carvalho et al.  [217] reported growth 

inhibition of D. lutheri grown in sulfur or vitamin B12 deprived conditions, as well as a significant reduction 

of cell density in the absence of iron, calcium or manganese. On the other hand, the lack of boron 

promoted higher growth compared to the control medium. Regarding FA content, the same authors 

reported an increase in EPA and DHA content in the absence of boron, molybdenum or copper, while the 

absence of calcium decreased the content of both FAs [217]. The haptophyte Tisochrysis lutea, produced 

ten times less biomass when grown in the absence of vitamin B12 [258].  Supplementation of P. viridis 

cultures with 3.0 mg.L-1 of Cu2+ and 6.5 mg.L-1 of Zn2+ inhibited the cell growth  (17.67 % and 14.16 %, 

respectively). Although the effect of copper was more significant, both metals promoted an increase in 

oxidative stress with increasing concentrations of these micronutrients. Namely, both metals increased 

catalase activity, glutathione content, and lipid peroxidation, which in turn led to a reduction in chlorophyll 

content. Copper also induced a marked increase in glutathione peroxidase and superoxide dismutase 

activity [263]. The response of P. viridis to Co2+ and Mn2+ supplementation was also evaluated. In contrast 
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to Mn2+, a strong inhibitory effect of Co2+ on cell growth was confirmed at all tested concentrations (10-

200 µmol.L-1), which can reach 75%. The oxidative stress promoted by the addition of Co2+ was also 

expressed by a marked decrease in protein content, as well as a significant increase in lipid peroxidation 

and in the activity of enzymes and antioxidant compounds [264]. Similarly, the use of the highest iron 

concentrations (≥ 1.2 mmol.L-1) in T. subcordiformis, N. oculata and P. viridis led to a significant decrease 

in the growth rates of these microalgae. Furthermore, increasing the iron concentration from 1.2x10 -2 to 

12 mmol.L-1 promoted an increase in the neutral/polar lipid ratio, which in the case of P. viridis rose from 

31 to 47 %. Depending on the species, the use of the higher iron concentration led to a positive variation 

of SFA, between 3 and 26 %, while the PUFA content was reduced between 4 and 37 %. In P.viridis, this 

variation in FAs led to a decrease in EPA content from 14-15 % to 11 %, as well as the absence of DHA 

[265]. The optimization study that evaluated the effect of iron and two other nutrients (PO4 and NO3) on 

growth parameters and lipid content of four microalgae, among them D. lutheri, showed in general that 

biomass production was increased under high levels of Fe (4–5 g.L-1), PO4 (12–15 g.L-1) and NO3 (120–

150 g.L-1), while deficient levels of Fe (2 g.L-1), but especially PO4 (4-7 g.L-1) and NO3 (10-70 g.L-1) had a 

positive impact on lipid content [219]. Kanamoto et al. [184], suggested as a likely reason for the growth 

inhibition of Pavlova sp. in the absence seawater the lack of the micronutrients Mg2+ and Ca2+. 

2.6 PAVLOVOPHYCEAE AS A PROMISING AND VALUABLE SOURCE OF HIGH ADDED VALUE 

PRODUCTS  

2.6.1 Haptophyta  

Haptophyta is a diverse phylum with more than 300 species of microalgae identified [266,267], part of 

which is unknown in terms of their cultivation conditions, and are distributed among the classes 

Rappephyceae, Pavlovophyceae and Coccolithophyceae, with the latter class as the most representative. 

[268,269]. Emerging as a distinct taxonomic group 829 million years ago [270], countless species of 

haptophytes remain to be identified, catalogued and characterized morphologically [271,272] . 

The haptophytes are mainly found in oceanic and coastal waters and possess an important effect on the 

economy, climate and the earth’s biogeochemical cycles. They are well known for extreme and periodical 

phenomenon around the world (microalgae blooms), some of them with negative impact in the economy 

and the marine life [267,273]. Regarding the marine ecosystems, pigment and genomic analyzes have 

shown that haptophytes are the main source of chlorophyll a in the global ocean’s photic layer (30-50%), 

overcoming the diatoms and cyanobacteria as the main photosynthetic agent in the ocean [274]. 
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Haptophytes have as a common feature, a unique pigment profile in which the presence of chlorophyll a 

and c stands out, but above all, the existence of some carotenoids, e.g. the carotenoid 19'-

hexanoyloxifucoxanthin (19-HFx), which is only found among haptophytes and can be considered as an 

important taxonomic marker [274,275]. Others pigments commonly found are β-carotene, 

diadinoxanthin, diatoxanthin and fucoxanthin [111]. 

Morphologically, this phylum is characterized by the existence of two flagella 

(heterodynamic/homodynamic and equal/unequal in length), body scales (mineralized, organic or 

siliceous) on the plasma membrane and a characteristic haptonema between the flagella [3,268,276]. 

Haptonema's main role is to avoid obstacles and to collect and aggregate food particles [277,278]. 

Haptophytes can take different forms, such as non-motile single cells, non-motile colonies of single cells, 

motile single cells or colonial flagellates, with the cell ranging from 2 µm to macroscopic colonies 

[267,268]. 

2.6.2 Pavlovophyceae  

2.6.2.1 Taxonomy 

Initially named Pavlovea, was proposed by Cavalier-Smith in 1993 [279] as a new class in the phylum 

Haptophyta, according with their ultrastructural data and phylogenetic information. The class was 

renamed Pavlovophyceae and taxonomic classification was later corroborated by 18S rRNA analysis of 

different haptophytes, in which a 6 % molecular divergence was identified between species of the classes 

Pavlovophyceae and Coccolithophyceae [280]. Several phylogenetic studies have been carried out to 

understand the evolution and the divergent times of haptophytes. Multigene analysis of nuclear and plastid 

genes the molecular clock estimated that the divergence between both haptophyte classes occurred in 

the early Cambrian (543 Ma), and the subsequent division of Pavlovophyceae class into four genera 

occurred between 230 and 103 Ma [270]. In fact, it is usually argued that members of this class represent 

the primitive state, since they share similar characteristics with the ancestral haptophyte [10,270]. 

The Pavlovophyceae have thirteen identified species distributed by four genera and can be found in a 

wide range of habitats, such as the littoral, marine, brackish water and, rarely, in freshwater [280]. 

Pavlova (Butcher 1952) was the first genus identified, presenting the species Pavlova gyrans as the 

phenotypic pattern, basing this classification on significant differences in the place of insertion of the 

flagella compared to those described in other genera of flagellates [281]. Later and according with the 

identification of new morphological features the Diacronema Prauser and Exanthemachrysis Lepailleur 
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were also erected as new genera. Diacronema genus possess a distinctive posterior flagellum, whilst in 

the Exanthernachrysis genus, unlike Pavlova genus, the non-motile cells lack external flagellar apparatus, 

and in the motile cells the flagellar knob-scales are absent [282,283]. Based on the analysis of 18S rDNA 

of eighteen haptophytes species it was established the fourth genus (Rebecca J.C. Green gen. nov) within 

the Pavlovophyceae, to which the species Rebecca salina and Rebecca helicata were transferred [279].  

Taxonomic reassessment through a morpho-molecular approach involving twenty-nine Pavlovophyceae 

strains, has confirmed the division into four differentiated clades but with some modifications proposed 

[280]. Excluding Pavlova gyrans and Pavlova pinguis, all the analyzed strains have showed a pronounced 

genetic differentiation. Similar conclusions were stated by Green about the resemblance of morphological 

characteristics between both species [283]. Thus, the authors hypothesized that these species may form 

a single cryptic species complex or, on the other hand, P. gyrans and P. pinguis may be different forms 

within the same life cycle [280]. However, these possibilities were denied by other phylogenetic analysis, 

which assume that both species are completely distinct [284]. The complete ultrastructural description 

of Pavlovophyceae species is fully described elsewhere [280]. 

2.6.2.2 Biochemical composition 

2.6.2.2.1 Pigment 

As stated by Lenning et al. [10], and later confirmed by Bendif et al. [280], the Pavlovophyceae strains 

can be grouped into three types (A-C) according to their pigment signatures. All Pavlovophyceae species 

share the common pigments chlorophylls a, c1, c2, MgDVP (Mg-[3,8-divinyl]-phytoporphyrin-132-

methylcarboxylate) and the carotenoids Fx, Ddxd, Dtx, and β-β-carotene. This is the simplest composition 

and when these are the only pigments found the species belong to Type A, which contains D. lutheri, D. 

virescens, D. noctivaga, D. ennorea and D. vlkianum. Pavlovophyceae pigment-type B is represented by 

species such as P. gyrans, P. pinguis and P. granifera, which comprise the pigments of Type A with the 

addition of a carotenoid (diadinoxanthin like) and a divinyl (DV) form of chlorophyll c (cPAV). Species from 

the Type C present the pigments of Type B and the monovinyl (MV) form of chlorophyll c, being this 

pigment profile typical of only one species (E. gayraliae). The presence of a lower number of pigments 

and the observation of the MV and DV forms of chlorophyll c presents itself as a differentiating aspect 

compared to the Prymnesiophyceae class. Likewise, the carotenoids 19-HFx, 4-keto-

hexanoyloxyfucoxanthin and 4-keto-fucoxanthin that are commonly found in many haptophytes were not 

detected in the Pavlovophyceae class [10]. 
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2.6.2.2.2 Lipids  

Regarding the biochemical composition these microalgae are known to have a distinguishable lipid profile 

with commercial interest and taxonomic relevance, such as the n-3 PUFAs and a distinctive sterol 

composition [238]. A high diversity of 4-desmethylsterols, 4-methylsterols and dihydroxysterols were 

identified in the species of P. gyrans, D. vlkianum, D. lutheri, and P. pinguis [9,285–288]. Moreover, D. 

lutheri was identified as a high sterol producer, whose content reached 5.1 % DW [199]. 

The peculiar dihydroxysterols are strictly found in Pavlovales and are a distinctive feature of this order, 

which is why they are called pavlovols [289]. The pavlovols currently identified in Pavlova and Diacronema 

species are 4α-methyl-24β-ethyl-5α-cholestan-3β, 4β-diol (ethylpavlovol) and the 4α, 24β-dimethyl-5α-

cholestan-3β, 4β-diol (methylpavlovol) [9,289], which occur exclusively as steryl glycosides [287]. 

Although Ballantine et al. [290] stated that pavlovols and 4-methyl sterols were only identified in the 

stationary phase, this conclusion was not confirmed by Volkman et al. [288], who found no significant 

variation of the two sets of sterols in cultures of D. lutheri during different growth phases. The prevalence 

of dihydroxysterols in the final sterol composition is species-specific, varying, for example, from 0.23 % to 

33 % of total sterols [287–289].  

Similarly, Pavlovophyceae species have a distinct and more diverse profile of 4-desmethylsterols when 

compared to other haptophytes, namely the absence of the typical, and sometimes the only 4-

desmethylsterol of haptophytes (24-methyl-cholesta-5,22E-dien-3β-ol), and on the other hand the 

presence of a high concentration of sterols, such as 24-ethyl-cholesta-5,22E-dien-3β-ol and the 

uncommon 5a-stanols [285,288]. Among the 4-methylsterols, 4α,24-dimethyl-5α-cholestan-3β-ol and, in 

particular, 4α-methyl-24-ethyl-5α-choIest-22E-en-3β-ol stand out as the most widely distributed and 

predominant sterols among the different species of the order Pavlovales [9,285,287,288]. 

As reported between two different strains of D. lutheri, the sterol composition as well as the proportion of 

the different classes in the sterol profile can vary significantly [287,288]. Moreover, manipulation of 

growth conditions such as temperature [288], UV-C irradiation [208] and the cultivation over a longer 

period of time [199] induced significant variation in the content and composition of sterols in D. lutheri.  

In addition to their taxonomic importance, these compounds have been of particular interest due to their 

nutraceutical properties with great application in the food industry and in aquaculture[199,291]. 

Considering the other lipid classes, the order Pavlovales is distributed by different groups of polar lipids 

and neutral lipids, as mentioned in Chapter 2.2. The main lipidic classes identified in D. lutheri were the 
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glycolipids MGDG and DGDG, SQDG and acylated steryl glycosides (SG), and the neutral lipids mono-, di- 

and triacylglycerols (MAG, DAG and TAG, respectively) [35,69], Figure 2-1. PL represent a small 

percentage (< 5%) and the BL were identified in traceable amounts [69]. Polar lipids such as MGDG, 

DGDG and PL are preferentially found in chloroplast membranes and thylakoyds. In contrast, non-

plastidial membranes of D. lutheri are mostly composed by BL, DGCC and DGTA, with DGCC accounting 

for 63-78 % of these membrane lipids [71]. 

The total lipid content reported for some Pavlovophyceae species ranged between 3.6 and 66.0 pg.cell-1 

[292,293], with their lipid classes as well as their fatty acid composition varying according to the culture 

conditions used and the growth stage of the microalgae. According to Dunstan et al. [293], the lipid 

classes of D. lutheri during the exponential phase are predominantly composed of polar lipids (88 %), 

while in the stationary phase a marked variation occurs, with polar lipids decreasing to 50-57 % while 

TAG content increased to 28-35 % [293]. The lipid composition, as well as the fatty acid profile and their 

distribution, were strongly influenced by the culture conditions employed, such as the nutrient conditions, 

temperature and light intensity [34,69,192,292], as shown in Chapter 2.5 . 

The fatty acid profile of pavlophytes is mainly composed by the SFA C14:0 and C16:0, the MUFA C16:1 

and the PUFA C18:4 n-3, C20:5 n-3, C22:6 n-3 [9,126,184,293,294], which can represent about 83-90 

% of the total fatty acids [126,294]. Considering the species D. lutheri and P. pinguis, the fatty acid 

composition is normally distributed as follows: 46-63 % are PUFAs, 17-23 % are MUFAs and the SFAs 

represent 22-30 % of TFAs. In terms of PUFA composition, these species can produce a high content of 

EPA and DHA which represent about 22-29 % and 5-19 % of TFA, respectively, as well as the ability to 

produce low amounts of the unusual C24-C28 PUFA [184,292]. The total content of EPA and DHA in the 

biomass is species-specific and can range between 3.9-18 and 2.0-13.2 mg.g-1 DW, respectively [9,126]. 

Furthermore, in some species have been described the lipid remodelling process (see Chapter 2.2.2), in 

which occurs an increase of DHA, and sometimes EPA, in TAG fraction during the stationary phase 

[77,293]. For instance, D. lutheri incorporated 40% of EPA and 17 % of DHA into the TAG fraction, with 

the corresponding partition initiated at the middle and at the end of the exponential growth phase, 

respectively [77].  

The high ability to produce PUFAs, and especially the n-3 FAs, make strains like D. lutheri and R. salina 

the subject of genetic studies to identify the gene sequences and the enzymes involved in EPA and DHA 

conversion and, eventually, further heterologous expression [295]. For instance, it was identified in R. 

salina three cDNA sequences (PsD4Des, PsD5Des and PsD8Des) which encode the three front-end 
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desaturases Δ4, Δ5 and Δ8-desaturases [296]. A desaturase gene (Δ5Des-Pav) and an elongase gene 

(pavELO) were identified in Pavlova sp., which converts eicosatetraenoic acid to EPA, and  EPA to 

docosapentaenoic acid (C22:5 n-3), respectively [220,297]. The conversion of C22:5 n-3 to DHA in D. 

lutheri is carried on by Δ4-desaturase, encoded by a cDNA sequence named PlDES1 [298]. 

2.6.2.2.3 Carbohydrates  

Besides the production of lipids as the main energy reserve component, it was also suggested the 

presence of storage carbohydrate globules with crystalline structure similar to paramylon 

[1,283,299,300]. However, by 13C solid-state Nuclear Molecular Ressonance (NMR), it was confirmed 

that the main component of the storage sugar was chrysolaminarin ((1-3)-β-glucan) rather than 

paramylon [301]. The aqueous extracts produced from D. lutheri and P. gyrans showed a high 

carbohydrate content ranging from 57-60 % and 69-84 %, respectively, being mainly composed of glucose 

(85-100 %mol) [302]. The extracts were fractionated according to their water solubility, resulting in a 

soluble fraction rich in highly branched (1-3),(1-6)-β-glucans, while the insoluble part consisted of (1-3)-

β-glucans [302]. 

Regarding the cell surface, cellulose and hemicellulose were identified as the main components, with a 

high content of glucose (43%), and lower amounts (<13%) of galactose, arabinose and xylose in the 

monosaccharide profile [301]. In the cell wall related polysaccharides of D. lutheri about 6 % are the 

biological important sulfated polysaccharides [303]. Although showing lower anti-adhesive activity than 

protein- and glycoside-rich extracts, some β-glucan-rich extracts from D. lutheri and P. gyrans have been 

suggested as a promising source of anti-adhesive agents that can prevent or mitigate the adhesion of 

enteropathogens to the host [302].  

Representatives of all genera of the family Pavlovophyceae were identified as microalgae capable of 

producing and releasing polysaccharides into the extracellular environment (exopolysaccharides - EPS). 

Among the twelve species analyzed, only D. lutheri and D. viridis were not able to produce EPS, while the 

EPS producers showed a content from 0.05 to 0.39 g.L-1. The EPS produced was mainly composed of 

two to four monosaccharides: rhamnose, galactose, and glucose in Diacronema sp; rhamnose, galactose, 

arabinose, xylose, or glucose in Pavlova spp; and galactose, mannose, xylose, and N-acetyl-glucosamine 

in Exanthemachrysis sp.. P. gyrans and especially Exanthemachrysis sp have stood out as producers of 

EPS rich in uronic acid (N-acetylgalactosamine), which represents 11 % and 35 % of their composition, 

respectively [304].  
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2.6.2.2.4 Protein 

Although the main attribute highlighted in the order Pavlovales is its high n-3 PUFA content, some studies 

have reported these species as promising source of protein, in which its content can represent 28 % to 

66 % DW [237,305–307]. The amino acid (AA) composition of D. lutheri was preserved regardless of the 

harvest time and the culture technique used (batch or semi-continuous), with aspartic acid (8-10 %), 

glutamic acid (10-12 %) and leucine (8 %) as the major AA [308]. The amino acid composition of D. lutheri 

and R. salina was similar, with the predominance (8-11 %) of the aforementioned amino acids, arginine, 

and alanine [305]. Similar AA profile was identified in Pavlova sp. CCMP459 [309]. Due to its high 

composition of essential amino acids (e.g. leucine, arginine and valine), which represents 47 % of total 

AAs, along with perfect balance between essential AAs and non-essential AAs (ratio = 1), this strain 

showed to be a promising and high quality live feed for salmonids [237,309]. 

However, the importance of the protein fraction it’s not strictly related with the feed application in 

aquaculture. The end products from the yeast fermentation using the microalga D. lutheri as substrate, 

exhibited high antioxidant activity and absence of citoxicity in in vitro assays [310]. The authors assumed 

that these effects are linked to increased amounts of hydrophobic amino acids (e.g leucine, valine, and 

alanine) in fermented microalgae. Later, it was confirmed that fermented microalgae increased the activity 

of alkaline phosphatase and osteocalcin (mineralization regulator) in osteoblastic cells [311]. This 

behavior was attributed to a hydrophobic rich peptide produced after the fermentation, that was 

sequenced as Glu-Pro-Gln-Trp-Phe-Leu, suggesting its potential use for medical applications.  

2.6.2.2.5 Minerals 

According to Ponis et al [238] the ash content of six strains of Pavlovophyceae ranged between 5% to 14 

% DW. The ash content in D. vlkianum remained unchanged over the entire growth and was positively 

influenced by the salinity level in the culture medium, increasing from ≈3 % to ≈18 % in DW between 

salinities of 5 and 50 g.L-1 [200]. Considering the mineral composition, Pavlova sp. exhibited a high 

content of potassium, calcium and sodium, amounting about 4 % of the microalgae composition. The 

trace metals profile was rich in iron, manganese, zinc and copper [237]. On the other, the phosphorus 

and manganese were the main minerals identified in D. vlkianum [312], while D. lutheri was mainly 

composed by sodium and potassium [303]. 

2.6.2.3 Applications 

Given the richness and variability in biochemical composition presented above, some applications (Table 

2-2) have been evaluated regarding the use of pavlophytes as an alternative source of n-3 FAs for feed 
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and food products, biological agent in bioremediation processes, either as feed or a source of bioactive 

compounds against aquatic pathogens [313–316].  

Table 2-2: Potential applications developed using Pavlovophyceae species 

Aquaculture 

Species Potential application Reference 

Pavlova sp Antimicrobial agent against aquatic pathogens [236] 

Diacronema viridis  
Pavlova sp. (CCMP 1228) 

Feed for rotifers (Brachionus plicatilis) [238] 

Diacronema lutheri Feed for pearl oyster (Pinctada fucata martensii) [237] 

Diacronema lutheri Feed for Pacific oyster (Crassostrea gigas) [239] 

Rebecca salina (CS-49) 
Pavlova sp. (CS-50) 

Feed for oysters (Pinctada margaritifera) [240] 

Pavlova sp. AC 250; 
Pavlova sp. AC 248; 
Pavlova sp. AC 251; 
Pavlova sp. AC 538; 
Pavlova pinguis; Rebecca 
salina. 

Feed for molluscs (Crassostrea gigas and Pecten 
maximus) 

[141] 

Pavlova sp. (Pavlova 
1800®, Reed Mariculture 
Inc.) 

Feed for giant clam (Tridacna noae) [241] 

Pavlova sp. (CCMP 459) Feed for salmonids (Salmo salar L.) [140] 

Pavlova sp. (CCMP 459) 
and Pavlova pinguis 
(CCMP 609) 

Feed for scallops (Placopecten magellanicus) [212] 

Diacronema viridis Feed for European sea bass (Dicentrarchus labrax 
L.) 

[21] 

Food industry 

Species Potential application Reference 

Diacronema lutheri Yoghurt fortified with lipid extract [234] 

Diacronema vlkianum Pasta enriched with microalgae biomass [227] 

Bioremediation 

Species Potential application Reference 

Pavlova sp Biodegradation of biphenyl compounds [235] 

Diacronema lutheri Biodegradation of palm oil mill effluent [242] 

Bioenergy 

Species Potential application Reference 

Diacronema lutheri Biodiesel production and pellet manufacturing [247] 

Pavlova sp Bio-oil production by biomass pyrolysis  [248] 
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Table 2-2 (cont): Potential applications developed using Pavlovophyceae species 

Biotechnology/Medical industry/Health ingredient 

Species Potential application Reference 

Diacronema lutheri Peptide with protective effect against oxidative 
stress and inhibitory effect on melanogenesis.  

[243] 

Diacronema lutheri Isolation of osteoblast differentiation inducing 
peptide 

[232] 

Diacronema lutheri Antibacterial agent against pathogenic bacteria [244] 

Diacronema vlkianum  Biomass as omega-3 rich food supplement [245] 

Pavlova sp. CCMP459  Source of genetic information for heterologous 
expression of PUFA synthesizing enzyme 

[217] 

Diacronema lutheri and 
Pavlova gyrans 

Extract with adhesive properties towards 
enterobacteria Salmonella enterica 

[223] 

Diacronema lutheri Lipid extract with anti-inflammatory activity in 
human macrophages 

[246] 

2.7 CONCLUSIONS 

Microalgae exhibit metabolic plasticity that allows them to adapt to a wide range of environmental 

conditions - light, temperature, and nutrient availability - by changing their biochemical composition to 

cope with stresses induced by external conditions. These include modifying the composition of FAs and 

carotenoids responsible for fluidity changes in the cell and thylakoid membranes, as well as varying the 

production of primary and secondary pigments to withstand, for example, different irradiances, optimizing 

the light absorption and reducing the ROS content, respectively. Fine control of abiotic factors presents 

itself as a crucial step to maximize the production of microalgae biomass and its use as a source of 

valuable metabolites with potential application in several industries. Among them, Pavlovophyceae 

species have shown a rich composition comprising not only the highly demanding PUFAs and carotenoids 

(e.g. fucoxanthin, β-carotene) but also an interesting protein/amino acid profile and carbohydrates 

composition, highlighting this microalgae class as a promising bioresource for food application in 

aquaculture, supplement/ingredient for food and pharmaceutical products, as well as bioremediation 

agent for wastewater treatment. However, additional studies are mandatory to evaluate i) the nutritional 

requirements of microalgae for enhanced biomass and metabolite production, ii) efficient downstream 

processing techniques to improve extractability and separation of biocompounds for human consumption, 

and iii) economic analysis of upstream/downstream processing methodologies to provide important 
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insights to enable cost-effective large-scale biomass production and commercialization of products derived 

from Pavlovophyceae species. 
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3.1 INTRODUCTION 

Long-chain omega-3 fatty acids, especially the docosahexaenoic acid (DHA – C22:6 n-3) and 

eicosapentaenoic acid (EPA – C20:5 n-3) are essential fatty acids with important benefits for human and 

animal health. Several works have highlighted the importance of their supplementation in human diet, 

mainly due to their antioxidant and anti-inflammatory properties and protective effect against various 

diseases such as cancer, cardiovascular diseases (CVD), inflammatory diseases (e.g. rheumatoid 

arthritis), or mental disorders related to human aging, as the case of Alzheimer’s [1–3]. In addition, an 

adequate uptake of n-3 fatty acids during pregnancy and childhood has been linked to substantial 

enhancement of visual and cognitive function of children [4]. Scarcely produced by the organism due to 

the absence or inefficient enzymatic machinery, that enables the elongation and desaturation of α-

linolenic acid (ALA; C18:3 n-3) into EPA and/or DHA, humans must source these fatty acids (FAs) through 

dietary supplementation [5].  

According to the European Food Safety Authority (EFSA), adults should have a daily intake of 250 to 500 

mg of EPA and DHA [6]. Actually, human nutritional supplementation is mostly accomplished by ingestion 

of fish and seafood products. However, these products have not been able to meet the growing demand 

for such FAs and it is estimated that the current market only provides 30 % of the EPA and DHA needed 

for human consumption [7]. Moreover, Western countries have been warned about the consequences of 

dietary changes occurred in the last decades as consequence of a diet enriched with omega-6 fatty acids. 

Contrary to omega-3 FAs, those FAs are the precursors of pro-inflammatory lipid mediators responsible 

for the development of mortal diseases, such as cancer and CVD [8]. Thus, with an annual growth rate 

of 14.7 % and an estimated market value of US$ 9.8 billion by 2025, it is crucial the development and 

implementation of new sources of omega-3 FAs [9]. However, the global market of EPA/DHA is dealing 

with some constraints, namely (i) the fish stocks in the oceans are overexploited, (ii) fish quality and 

quantity as a source of omega-3 FAs is seasonal, (iii) the fish produced through aquaculture have shown 

lower EPA/DHA content due to the use of nutritionally poor feeds as substituents of the scarce fishmeal 

or oil fish, and (iv) the fact that the use of high trophic level organisms as primary source of omega-3 FAs 

results in considerable losses of EPA/DHA due to inefficient retention and elongation of these fatty acids 

[7,10]. Therefore, the utilization of microalgae has been pointed out as a promising alternative source. 

These microorganisms possess, as advantage, a rapid and controlled growth, higher plasticity allowing 

for their cultivation under a wide range of environmental conditions, and higher productivities of high-

added compounds, such as omega-3 FAs and pigments [11]. Furthermore, unlike fish products, the 
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efficient control of microalgae culture conditions makes them a safe source for human consumption due 

to the absence of contaminants such as dioxins, methyl mercury, and polychlorinated biphenyls [12]. 

Several oleaginous microalgae (lipid content > 20 % w/w of dry weight (DW)) have been identified as a 

potential source of lipids for biotechnological applications, which according to the algae species, nutrient 

conditions, and growth phase, can reach a lipid content of 53.2 %DW with an omega-3 FAs content that 

can vary from 0.06 to 9.32 %DW [13,14]. Among them, the class Pavlovophyceae – composed of thirteen 

microalgae species, most of them inhabiting littoral and brackish waters, and mainly used in aquaculture 

[15,16] – has been pointed out as a promising source of EPA and DHA for nutraceutical and 

pharmaceutical applications. Unlike other widely used classes of microalgae (e.g. Eustigmatophyceae, 

Chlorophyceae or Bacillariophyceae), these haptophytes have an interesting fatty acid profile comprising 

high concentrations of EPA and DHA that can reach 18.0 %DW and 13.2 %DW, respectively [17]. 

Furthermore, species such as Diacronema lutheri showed the particular ability to partition 40 % EPA and 

17 % of DHA from the polar fraction into TAG fraction (storage oils) during the stationary phase of growth, 

which can be seen as an advantage for further extraction and separation of these omega-3 FAs [18,19]. 

Moreover, the high contents of high-added value compounds with important biological activities, such as 

carotenoids (e.g., fucoxanthin), very long chain alcohols, and bioactive sterols (5 % DW), the adequate 

composition of essential amino acids, and the absence of cell wall, made them a suitable option for 

human diet and feed due to its greater bioactivity, digestibility and bioacessibility [12,20–23]. To meet 

the increasing market demand for these high nutritional species, a thorough understanding of the effects 

of cultivation conditions on biomass production and biochemical profile is fundamental to successfully 

implement large-scale production of these strains in a cost-effective manner. For example, Cañavate et 

al. [24] evaluated Diacronema vlkianum under different salinities and reported an increase of 2.4 days in 

the lag phase when salinity increased from 5 to 35 ppt, and absence of growth for 5 days under salinity 

50 ppt. Maximum cell densities of D. vlkanium were reached at salinity 20 and 35 ppt and its nutritional 

value was negatively affected when placed at higher salinities due to a decreased EPA and DHA content 

[24]. Light intensity was shown to modulate the FAs profile of D. lutheri, presenting the highest content 

of EPA at lower irradiance whereas higher light intensities promoted an increase of both DHA and 

saturated fatty acids [25]. The same authors also reported an improvement on the cell density and lipid 

content when D. lutheri was supplemented with sodium acetate and sodium bicarbonate [25]. The latter 

carbon source, along with high pH and nitrogen depletion conditions, triggered the accumulation of EPA 

and DHA on triacylglycerols of D. lutheri [26]. Concerning the effect of nutrients on biomass production, 

the growth of D. lutheri was inhibited when cultured in the absence of sulfur or vitamin B12 and strongly 
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reduced in growth media with the absence of iron, calcium or manganese [27]. The same study also 

showed that the micronutrients boron, molybdenum and copper, unlike to calcium, promoted a decrease 

in EPA and DHA content [27]. Other works have attested the effects of additional abiotic factors on 

Pavlovophyceae species, such as the nitrogen source [21] and concentration [26,28], phosphorus 

[29,30], copper [31,32], molybdenum  [31], zinc [32], cobalt and manganese [33], and iron [34]. 

While the vast majority of research involving Pavlovophyceae species addressed the influence of a limited 

number of abiotic factors, the aim of this study was to carry out a complete evaluation of the growth 

conditions on biomass production and FAs profile of the microalga Pavlova gyrans. To our knowledge, 

this is the first study where the growth conditions of this strain were fully optimized regarding its biomass 

production. The research was divided into three stages: i) the identification of the most significant 

variables through a Placket-Burman (PB) design, among the seventeen tested; ii) response surface 

optimization using a rotatable central composite design (RCCD) with the variables identified in PB design; 

iii) optimization of the NaNO3 concentration with further validation test.  

3.2 MATERIALS AND METHODS 

3.2.1 Microalga and inoculum preparation  

The non-axenic microalga strain Pavlova gyrans (RCC1553) was grown in 2 L flat bottom flask with 

Walne’s medium (500 mg.L-1 NaNO3) and salinity of 30 psu under continuous aeration with a mixture of 

air and CO2 (8 mL.min-1 – Alicat Scientific, USA) to maintain the pH value in the range of 8.0 ± 0.5. P. 

gyrans were grown at room temperature and under continuous illumination (100 µmol photons m -2 s-1). 

The remaining nutrients concentration used in the inoculum preparation were those used in Level 0 

conditions, presented in Table 3-1.  

3.2.2 Experimental design 

3.2.2.1 Plackett-Burman design 

In the current study, the PB design was used to assess the effect of 17 independent variables on biomass 

growth of P. gyrans [35]. Each variable was tested at three different levels, as presented in Table 3-1, 

accounting for 24 experiments with a unique combination of the 17 variables and the addition of six 

replicates at Level 0 – as central points – to evaluate the repeatability of the microalgae growth. Except 

for NaNO3, the nutrients concentration at Level 0 represents the usual composition of Walne’s medium 

[36]. In addition, and according to the conclusions obtained in other works with Pavlovophyceae species 
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[37,38], it was also decided to evaluate the effect of NaHCO3 on the biomass production of P. gyrans. 

Table 3-2 displays the experimental matrix design for the seventeen abiotic factors evaluated in biomass 

growth of P. gyrans. The PB assays were performed in 1 L bubble column reactors (6.5 cm diameter and 

43 cm high) using the inoculum as previously described. Individual stock solutions of the variables x5 to 

x17 were prepared, sterilized by filtration (0.2 µm) and added to each reactor to meet the concentration 

described in Table 3-1. The remaining medium components and materials were sterilized by autoclave.  

Table 3-1: the abiotic factors and the respective levels tested in Plackett-Burman experiments the abiotic factors and the respective levels 
tested in Plackett-Burman experiments     

Abiotic factor Level -1 Level 0 Level 1 

Inoculum size (g.L-1) x1 0.1 0.2 0.3 
Salinity (psu) x2 20 30 40 

Light intensity (µmol.photons.m-2.s-1) x3 150 450 750 
Air flow (mL.min-1) x4 600 800 1000 

NaNO3 (mg.L-1) x5 250 500 750 
NaH2PO4.H2O (mg.L-1) x6 10 20 30 

Na2H2EDTA.2H2O (mg.L-1) x7 22.5 45 67.5 
H3BO3 (mg.L-1) x8 16.8 33.6 50.4 

FeCl3.6H2O (mg.L-1) x9 0.65 1.3 1.95 
MnCl2.4H2O (µg.L-1) x10 180 360 540 

NaHCO3 (mg.L-1) x11 170 652 1134 
ZnCl2 (µg.L-1) x12 10.25 21 31.75 

CoCl2.6H2O (µg.L-1) x13 10 20 30 
(NH4)6Mo7O24.4H2O (µg.L-1) x14 4.5 9 13.5 

CuSO4.5H2O (µg.L-1) x15 10 20 30 
Thiamin (µg.L-1) x16 50 100 150 

Cyanocobalamin (µg.L-1) x17 2.5 5 7.5 
The salinity in each reactor was adjusted using a concentrated stock solution of sea salt and quantified 

by a salinity refractometer (Hanna HI96822). All experiments were performed at room temperature (25 

± 2 ºC) under constant illumination, being the photosynthetically active radiation (PAR) measured at two 

points on the outer surface of the reactor (bottom and top) with a LI-250A light meter (LI-COR quantum 

sensor Q44069). Cultures were continuously air bubbled with different airflows (Table 3-1), which were 

supplemented with 6 mL.min-1 of CO2 to control the pH (8.0 ± 0.5). 

3.2.2.2 Rotatable central composite design (RCCD) 

After the identification of the most significant independent variables for the biomass production of P. 

gyrans, a RCCD was designed to determine the optimum growth conditions. The variables selected for 

optimization were the light intensity (x3), NaNO3 (x5), NaH2PO4.H2O (x6), and CuSO4.5H2O (x13). Although the 

effect of NaH2PO4.H2O was not considered significant in the PB design, this variable was also selected for 
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optimization considering that its p-value was close to the 10 % significance level (p < 0.10), but also 

considering its biological importance for microalgae cultivation [29,39–41]. 

Table 3-2: the twenty-seven trials combination of the RCCD with the real and coded values (within parentheses) of the independent variables: 
light intensity (µmol.photons.m-2.s-1), NaNO3 (mg.L-1), NaH2PO4.H2O (mg.L-1) and CuSO4.5H2O (µg.L-1) 

#A Light intensity (x3) NaNO3 (x5) NaH2PO4.H2O (x6) CuSO4.5H2O (x15) 

1 350 (-1) 750 (-1) 20 (-1) 5 (-1) 
2 650 (1) 750 (-1) 20 (-1) 5 (-1) 
3 350 (-1) 1250 (1) 20 (-1) 5 (-1) 
4 650 (1) 1250 (1) 20 (-1) 5 (-1) 
5 350 (-1) 750 (-1) 40 (1) 5 (-1) 
6 650 (1) 750 (-1) 40 (1) 5 (-1) 
7 350 (-1) 1250 (1) 40 (1) 5 (-1) 
8 650 (1) 1250 (1) 40 (1) 5 (-1) 
9 350 (-1) 750 (-1) 20 (-1) 15 (1) 
10 650 (1) 750 (-1) 20 (-1) 15 (1) 
11 350 (-1) 1250 (1) 20 (-1) 15 (1) 
12 650 (1) 1250 (1) 20 (-1) 15 (1) 
13 350 (-1) 750 (-1) 40 (1) 15 (1) 
14 650 (1) 750 (-1) 40 (1) 15 (1) 
15 350 (-1) 1250 (1) 40 (1) 15 (1) 
16 650 (1) 1250 (1) 40 (1) 15 (1) 

17 200 (-2) 1000 (0) 30 (0) 10 (0) 
18 800 (2) 1000 (0) 30 (0) 10 (0) 
19 500 (0) 500 (-2) 30 (0) 10 (0) 
20 500 (0) 1500 (2) 30 (0) 10 (0) 
21 500 (0) 1000 (0) 10 (-2) 10 (0) 
22 500 (0) 1000 (0) 50 (2) 10 (0) 
23 500 (0) 1000 (0) 30 (0) 0 (-2) 
24 500 (0) 1000 (0) 30 (0) 20 (2) 
25 500 (0) 1000 (0) 30 (0) 10 (0) 
26 500 (0) 1000 (0) 30 (0) 10 (0) 
27 500 (0) 1000 (0) 30 (0) 10 (0) 

 Thus, to optimize biomass production based on these four factors (k=4), a 24 factorial design without 

replicates (r=1) with 8 axial points and 3 replicates at the central point (cp) was performed, totaling 27 

trials (Table 3-2). The different results produced in RCCD were fitted to a second order model by a multiple 

linear regression in order to predict the different responses (Y) related to microalgae growth performance 

and its biochemical composition, using following equation:  

𝑌 = 𝛽𝑜 + ∑ 𝛽𝑗

𝑗

𝑋𝑗 + ∑ 𝛽𝑖𝑗

𝑖<𝑗

𝑋𝑖𝑋𝑗 + ∑ 𝛽𝑗𝑗

𝑗

𝑋𝑗
2 + 𝜀 
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where Xi and Xj are the coded values for the independent variables, β0 is the intercept coefficient, βj is the 

linear coefficient, βjj is the quadratic coefficient and ɛ is the error of the model [35]. The levels (-α, -1, 0, 

1, +α) attributed for each factor were based on the outcomes of PB design and are presented in Table 

3-3. The inoculum size (x1), air flow (x4), and NaHCO3 concentration (x11) were fixed at Level -1, whereas 

all the other variables that have shown non-significant effects in the PB matrix were set at Level 0 to not 

limit the microalgae growth due to nutrient deficiency. The cultivation procedures adopted were the same 

described for the PB experiments. 

3.2.2.3 Optimization of NaNO3 concentration  

Considering that the optimal NaNO3 concentration was not reached through the RCCD, a set of 

experiments was performed in order to find out the most suitable conditions for biomass production. 

Briefly, P. gyrans was grown under four different NaNO3 concentrations: 1500, 2000, 2500, and 3000 

mg.L-1. The other three variables evaluated in 3.2.2.2 were set at their optimal values: 700 

µmol.photons.m-2.s-1 for light intensity, 40 mg.L-1 of NaH2PO4.H2O and 6 µg.L-1 of CuSO4.5H2O. The 

remaining abiotic factors was used as defined in 3.2.2.2. Each condition was tested in triplicate using the 

procedures already reported (Section 3.2.2.1). 

3.2.2.4 Validation test  

The optimized growth conditions obtained after 3.2.2.2 and 3.2.2.3 were compared with the conventional 

Walne’s medium formulation. In addition, two more formulations were tested (Table 3-4). One formulation 

(Lvl-1) aimed at understanding if the non-significant variables determined in the PB design could be used 

at Level -1, instead of Level 0 (Table 3-1), in the subsequent optimization steps. Another assay evaluated 

the importance of vitamin supplementation in the optimized growth conditions, in which no vitamins were 

added to the culture medium (Vit-). In order to eliminate the trace concentration of vitamins, the inoculum 

was washed twice under sterilized conditions. This process consisted of centrifuging the biomass (4000 

RPM, 15 min, 5 °C; Centurion Pro-Analytical CR7000, Chichester, UK) with further resuspension in 

autoclaved saline solution (30 psu). All conditions were performed in triplicate. 

Table 3-3: the abiotic factors and their respective levels tested in RCCD experiments 

 -2 (-α) -1 0 1 2 (+α) 

Light intensity (µmol.photons.m-2.s-1), x3 200 350 500 650 800 

NaNO3 (mg.L-1), x5 500 750 1000 1250 1500 

NaH2PO4.H2O (mg.L-1), x6 10 20 30 40 50 

CuSO4.5H2O (µg.L-1), x15 0 5 10 15 20 
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3.2.3 Growth analysis 

The microalgal growth was monitored every 2 days by optical density (750 nm; Synergy HT, BioTek 

Instruments, Inc., U.S.A.) and its value converted to ash-free dry weight (AFDW), using the calibration 

curve previously determined: AFDW(g.L−1) = 0.8991 × OD750+0.0054, R2 =0.99. The AFDW was 

determined by the vacuum filtration of 10 mL of culture samples using pre-weighted glass filters (VWR) 

and their combustion in a muffle furnace (Nabertherm, Bremem, Germany) at 500 ºC overnight. After 

filtration, the samples were washed twice with 20 mL of ammonium formate (0.5 mol.L -1), dried at 105 

ºC in a convection oven (WTCBinder, Germany) during 24 h and weighed. The dried filters were then re-

combusted at 500 ºC overnight and re-weighed to determine the ash-free dry weight.  

The AFDW determined along the P. gyrans growth was used to assess the biomass production 

parameters. The mean volumetric biomass productivity (PX) was calculated using the equation: 

𝑃𝑋 =
𝐴𝐹𝐷𝑊𝑡1 − 𝐴𝐹𝐷𝑊𝑡0

𝑡1 − 𝑡0
 , 

where t0 represents the beginning of the growth (0 days) and t1 was assumed as the first point of stationary 

phase. The maximum biomass (Xmax) produced was also calculated in the time t1. The experiments were 

stopped once reached the stationary phase and full stabilization of the AFDW. The biomass was 

centrifuged at 5 °C (4000 RPM; 20 min - Centurion Pro-Analytical CR7000, Chichester, UK). The pellet 

was stored at -20 ºC and later freeze-dried for biochemical characterization. 

3.2.4 Biochemical characterization  

3.2.4.1 Protein quantification 

The protein content of P. gyrans was performed by elemental analysis of C, H, and N using a Vario el III 

(Vario EL, Elementar Analyser system, GmbH, Hanau, Germany) [42]. As reported by Lourenço et al. 

[43], the percentage of protein per dry weight was achieved after multiplying the total nitrogen (N) content 

by the conversion factor 4.78. The samples of the RCCD are presented as the mean of two replicates 

with deviation values representing the maximum and minimum values. The remaining values are 

presented as the mean values and standard deviation of three replicates. 

3.2.4.2 Total lipids 

The extraction and quantification of the P. gyrans lipids was carried out by the Folch method described 

by Couto et al. [44], with some modifications. Briefly, 10 mg of P. gyrans biomass and 2 mL of 



Maciel, F. (2022) 

80 
 

dichloromethane:methanol (2:1 v/v) solution were added to a glass tube. The suspension was 

homogenized by vortexing 2 min. After the extraction, the suspension was centrifuged at 2000 RPM for 

10 min and the organic phase was collected for a new glass tube. The biomass residue was extracted 

two more times, until there was no more pigmentation in the solvent. The combined organic phases 

collected in the new glass tube were dried under a stream of nitrogen gas. The dried lipid extract was 

washed to remove the non-lipid contaminants. First, it was added 2 mL of dichloromethane and 1 mL of 

methanol, followed by 2 min vortexing for complete re-solubilization. Then, 0.75 mL of water were added 

and the mixture was vortexed during 2 min. The extracts were centrifuged at 2000 RPM for 10 min to 

separate the phases, with the lower phase (organic) being collected and transferred to a new glass tube. 

The remaining aqueous extract was re-extracted two more times. The combined organic phases were 

dried under nitrogen stream. The final dried lipid extract was re-suspended in dichloromethane, 

transferred to a pre-weighed vial, dried with nitrogen, weighed, and stored at -20 ºC. The total lipids were 

determined using three replicates for each growth condition and presented as the percentage of dry 

weight of P. gyrans biomass.  

Table 3-4: combination of abiotic factors used in the validation experiments: optimized conditions, Opt, control/Walne’s medium, Con, 
medium without vitamins, Vit-, and assay with the non-significant abiotic factors of the Plackett-Burman design defined at Level-1, Lvl-1 

Variable Opt Lvl-1 Vit- Con 

Light intensity (µmol.photons.m-2.s-1) 700 700 700 700 
NaNO3 (mg.L-1) 1500 1500 1500 100 

CuSO4.5H2O (µg.L-1) 6 6 6 20 

NaH2PO4.H2O (mg.L-1) 40 40 40 20 

Na2H2EDTA.2H2O (mg.L-1) 45 (0) 22.5 (-1) 45 (0) 45 (0) 

H3BO3 (mg.L-1) 33.6 (0) 16.8 (-1) 33.6 (0) 33.6 (0) 

FeCl3.6H2O (mg.L-1) 1.3 (0) 0.65 (-1) 1.3 (0) 1.3 (0) 

MnCl2.4H2O (µg.L-1) 360 (0) 180 (-1) 360 (0) 360 (0) 

ZnCl2 (µg.L-1) 21 (0) 10.25 (-1) 21 (0) 21 (0) 

CoCl2.6H2O (µg.L-1) 20 (0) 10 (-1) 20 (0) 20 (0) 

(NH4)6Mo7O24.4H2O (µg.L-1) 9 (0) 4.5 (-1) 9 (0) 9 (0) 

Thiamine (µg.L-1) 100 (0) 50 (-1) - 100 (0) 

Cyanocobalamin (µg.L-1) 5 (0) 2,5 (-1) - 5 (0) 

NaHCO3 (mg.L-1) 170 (-1) 170 (-1) 170 (-1) - 
Salinity (psu) 30 (0) 20 (-1) 30 (0) 30 (0) 

Air flow (mL.min-1) 600 (-1) 600 (-1) 600 (-1) 600 (-1) 

Inoculum size (g.L-1) 0.1 (-1) 0.1 (-1) 0.1 (-1) 0.1 (-1) 
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3.2.4.3 Fatty acid analysis by gas chromatography-mass spectrometry (GC-MS) 

The transesterification of the total lipid extracts of P. gyrans was carried out according to the methodology 

described by Couto et al. [44]. The fatty acid analysis was carried out on an Agilent 6890 N gas 

chromatograph connected to an Agilent 5973 mass spectrometer (Agilent, Santa Clara, CA, USA), 

operating with electron impact ionization (70 eV). The remaining settings and conditions of operation were 

used as defined by Couto et al. [44]. The fatty acids were identified using commercial standards through 

the comparison of the retention time and the spectral fragmentation patterns. The relative abundance of 

each fatty acid was determined by the equation: 

%𝐹𝐴 =
𝐴𝐹𝐴

𝐴𝑇𝐹𝐴
 × 100 

where AFA is the integrated area of a single fatty acid and ATFA is the total area of all the fatty acids identified.  

3.2.5 Nutritional indices: hypocholesterolemic index (HI), atherogenic index (AI), and 

thrombogenic index (TI) 

The hypocholesterolemic (HI), atherogenic (AI), and thrombogenic (TI) indices were calculated from the 

fatty acid composition (% TFA) according to the following equations: 

𝐻𝐼 =
(𝐶18: 1 +  𝐶18: 2 + 𝐶18: 3 + 𝐶18: 4 + 𝐶20: 5 + 𝐶22: 5 + 𝐶22: 6)

𝐶14: 0 +  𝐶16: 0
 

𝐴𝐼 =
(𝐶12: 0 + 4 × 𝐶14: 0 + 𝐶16: 0)

(∑𝑀𝑈𝐹𝐴 + ∑𝑃𝑈𝐹𝐴)
 

𝑇𝐼 =
(𝐶14: 0 + 𝐶16: 0 + 𝐶18: 0)

(0.5 × ∑𝑀𝑈𝐹𝐴 + 0.5 × ∑𝑛 − 6 𝑃𝑈𝐹𝐴 + 3 × ∑𝑛 − 3 𝑃𝑈𝐹𝐴) + (
∑𝑛 − 3
∑𝑛 − 6

)
 

where MUFA and PUFA are the monosaturated and polyunsaturated fatty acids, respectively [45,46].  

3.2.6 Statistical analysis 

The significant variables in the PB design were selected using a 90 % confidence level (p < 0.10). The 

second order models of RCCD were obtained using a 90 % confidence level (p < 0.10) and the quality of 

the fitted model was statistically evaluated by analysis of variance (ANOVA) and coefficient determination 

(R2). PB and RCCD analysis was performed with the online software Protimiza Experimental Design 

(http://experimental-design.protimiza.com.br/). The experiments performed in triplicate and their 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/transesterification
http://experimental-design.protimiza.com.br/
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biochemical properties were analyzed by differences among means using one-way ANOVA followed by 

Tukey’s multiple comparison test at 95 % confidence level (software: GraphPad Prism version 8.0.2).  

3.3 RESULTS AND DISCUSSION 

3.3.1 Identification of significant factors for biomass productivity of P. gyrans (PB design) 

The biomass productivities achieved in the Plackett-Burman design are presented in Table 3-5, whereas 

the calculated effects, standard errors, and p-value of the seventeen variables assessed are described in 

Table 3-6. Among the thirty assays performed, the Xmax ranged from 0.81 to 2.16 g AFDW.L-1. The biomass 

productivity varied between 0.072 and 0.256 g.L-1.d-1, which resulted in the identification of three 

independent variables (p < 0.1) that greatly affected the growth of P. gyrans: light intensity, NaNO3, and 

CuSO4.5H2O.  

Light intensity was identified as the most significant abiotic factor (p < 0.001) showing a positive 

calculated effect, meaning that the biomass productivity increased at higher light intensities in the range 

150-750 μmol.photons.m-2.s-1. In fact, light intensity has a pivotal role in the photosynthesis process of 

microalgae, which supplies energy for further production of ATP and NADPH (chemical energy) that will 

be used to fix carbon dioxide and generate biomolecules for the biomass production [47]. Although tested 

in a lower illumination range, Seoane et al. were able to confirm the positive effect of light on the growth 

kinetics of eleven haptophytes, including P. gyrans, whose specific growth rate has increased ≈3-fold 

when the light intensity increased from 60/110 to 350 μmol.photons.m-2.s-1 [48].  

The second most important variable was NaNO3 (p = 0.001), with the increase from 250 mg.L-1 to 750 

mg.L-1 favoring the biomass production (positive effect). In fact, nitrogen is of the utmost importance for 

microalgae considering its wide distribution in molecules such as proteins, DNA, and RNA [49]. In 

addition, the efficient control and dosage of nitrogen in the culture medium has been described as an 

important factor for the regulation of the total lipid content as well as the fatty acid profile [50]. The 

importance of NaNO3 was confirmed in Pavlova sp., whose biomass doubled when using a growth medium 

supplemented with 400 mg.L-1 NaNO3 instead of the values commonly used in f/2 and Walne’s medium 

(75-100 mg.L-1 NaNO3) [21]. In contrast, the increase on biomass production of Diacronema lutheri was 

positively affected by NaNO3 until 160 mg.L-1, with the above concentration values decreasing its growth 

performance [28].  
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On the other hand, the last significant variable, CuSO4.5H2O (p = 0.073), was the only one with a 

negative effect over P. gyrans, which means that the growth performance was hindered when the 

microalgae were subject to higher concentrations of copper. This micronutrient is an important cofactor 

for several metalloproteins in microalgae that are responsible for maintaining redox homeostasis and 

photosynthesis; however, when excessively supplied, it can be toxic to microalgae, leading to inhibition or 

even cell death [51].  

Table 3-5: the experiments of PB matrix design with coded values of the seventeen abiotic factors and the respective response for mean 
volumetric biomass productivity (PX, g AFDW.L-1.d-1), and maximum biomass produced (Xmax, g AFDW.L-1) calculated in beginning of stationary 
phase (t), during the P. gyrans growth 

 Variable (x)  y  

#Ei 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 t Px Xmax 

1 + - - - - + - + - - + + - - + + - 6 0.133 1.09 
2 + + - - - - + - + - - + + - - + + 6 0.109 1.20 
3 + + + - - - - + - + - - + + - - + 6 0.150 1.21 
4 + + + + - - - - + - + - - + + - - 4 0.135 0.86 
5 + + + + + - - - - + - + - - + + - 8 0.175 1.67 
6 - + + + + + - - - - + - + - - + + 8 0.256 2.15 
7 + - + + + + + - - - - + - + - - + 8 0.209 1.96 
8 - + - + + + + + - - - - + - + - - 10 0.121 1.31 
9 + - + - + + + + + - - - - + - + - 6 0.247 1.79 

10 + + - + - + + + + + - - - - + - + 6 0.110 0.87 
11 - + + - + - + + + + + - - - - + - 6 0.203 1.32 
12 - - + + - + - + + + + + - - - - + 6 0.150 1.01 
13 + - - + + - + - + + + + + - - - - 8 0.138 1.41 
14 + + - - + + - + - + + + + + - - - 16 0.116 2.16 
15 - + + - - + + - + - + + + + + - - 6 0.134 0.91 
16 - - + + - - + + - + - + + + + + - 6 0.123 0.85 
17 + - - + + - - + + - + - + + + + + 14 0.101 1.71 
18 - + - - + + - - + + - + - + + + + 12 0.099 1.30 
19 + - + - - + + - - + + - + - + + + 6 0.131 1.10 
20 - + - + - - + + - - + + - + - + + 10 0.077 0.87 
21 - - + - + - - + + - - + + - + - + 6 0.178 1.18 
22 - - - + - + - - + + - - + + - + - 8 0.096 0.87 
23 - - - - + - + - - + + - - + + - + 10 0.140 1.48 
24 - - - - - - - - - - - - - - - - - 10 0.072 0.81 
25 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 0.162 1.48 
26 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 0.158 1.49 
27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 0.161 1.47 
28 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 0.151 1.38 
29 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 0.156 1.46 
30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 0.162 1.47 
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This greater sensitivity of P. gyrans to copper was also described in works with other haptophytes. A 

toxicity exposure assessment study with five marine microalgae described the haptophyte Isochrysis 

galbana as a sensitive species to copper due to its low EC50 value [52]. According to Li et al. the increasing 

supplementation from 0 to 3 mg.L-1 leads to an oxidative stress on Pavlova viridis, which may inhibit the 

microalgae growth and trigger the protective mechanisms such as antioxidant enzymes [32]. Although 

the data from Table 3-6 excluded NaH2PO4.H2O concentration from the key factors involved in the biomass 

production of P. gyrans, this variable was also selected along with light, NaNO3, and CuSO4.5H2O for 

further study and optimization through the RCCD. The main reasons for that option were the relative 

statistical importance (p = 0.13) and, mostly, the widely known biological role played by phosphorus in 

microalgae growth and composition [27,39,53]. Thus, in order to not limit the growth of P. gyrans in the 

RCCD, a new concentration range of NaH2PO4.H2O was set according to its calculated effect, as presented 

in Table 3-6. For that reason, the remaining growth conditions (not-significant variables), except for 

NaHCO3, inoculum size and airflow (Level -1), were set at Level 0 in RCCD.    

Table 3-6: statistical parameters of the independent variables assessed in the Placket-Burman design for the biomass productivity of P. 
gyrans (p < 0.10) 

Factor  Effect Standard error t-calc p-value Significant 

Mean 0.142 0.005 27.724 0.000 - 

Light intensity 0.065 0.010 6.346 0.000 Yes 

NaNO3 0.047 0.010 4.587 0.001 Yes 

CuSO4.5H2O -0.020 0.010 -1.980 0.073 Yes 

NaH2PO4.H2O 0.017 0.010 1.638 0.130 No 

Curvature 0.033 0.023 1.446 0.176 No 

(NH4)6Mo7O24.4H2O -0.012 0.010 -1.214 0.250 No 

MnCl2.4H2O -0.012 0.010 -1.149 0.275 No 

ZnCl2 -0.010 0.010 -0.986 0.345 No 

Inoculum size 0.009 0.010 0.855 0.411 No 

CoCl2.6H2O -0.008 0.010 -0.790 0.446 No 

Thiamine 0.008 0.010 0.790 0.446 No 

Na2H2EDTA.2H2O 0.007 0.010 0.660 0.523 No 

Salinity -0.003 0.010 -0.269 0.793 No 

NaHCO3 0.002 0.010 0.204 0.842 No 

Air flow -0.002 0.010 -0.171 0.867 No 

Cyanocobalamin 0.001 0.010 0.138 0.892 No 

H3BO3 0.001 0.010 0.122 0.905 No 

FeCl3.6H2O 0.000 0.010 -0.024 0.981 No 
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3.3.2 Rotatable central composite design (RCCD)  

3.3.2.1 Biomass growth analysis 

The evaluation of the optimal conditions for biomass production of P. gyrans were carried out using a 

RCCD with the variables previously identified: light intensity (x3), NaNO3 (x5), NaH2PO4.H2O (x6), and 

CuSO4.5H2O (x15) (Table 3-2). The twenty-seven experiments were analyzed for biomass productivity (PX) 

and maximum AFDW reached (Xmax). The biomass productivity ranged from 0.165 to 0.262 g AFDW.L.-1d-

1, whereas the maximum biomass concentration varied between 1.30 and 2.34 g AFDW.L. -1 Table 3-7. 

Overall, the productivities achieved in the RCCD were higher and less variable compared to the PB design 

(0.077 to 0.256 g AFDW.L.-1d-1), demonstrating the importance of the selected variables and their effects 

on the growth performance. The values here reported for Xmax in P. gyrans are higher than those described 

for P. pinguis (1.54 g DW.L-1), D. lutheri (<0.2 g DW.L-1) and Pavlova sp. OPMS 30543 (0.92 g DW.L-1) 

under non-optimized conditions; however, the values of the present study are in accordance with the 

biomass productions Pavlova sp. OPMS 30543 (2.20 g DW.L-1) at large scale [21]. Similarly, the biomass 

productivities of P. gyrans were 4- to 8-fold higher than those produced by P. pinguis under different 

phosphorus supplementation on f/2-Si medium [39]. 

As described in Table 3-8, and only using the significant terms (p < 0.1), these responses were used to 

calculate the regression coefficients and to generate a one-order model for PX and a second-order model 

for Xmax, each one as a function of coded independent variables, where x3, x5, x6, and x15 represent the coded 

values for light intensity, NaNO3, NaH2PO4.H2O, and CuSO4.5H2O, respectively. The analysis of variance 

(ANOVA) was carried out to assess the model fitness. The mathematical model generated for the 

dependent variable PX, Table 3-8, showed a low value of R2 (32.0 %), which makes impossible the 

production of contour curves. As reported by Sadahira et al. [54], the inability to produce the contour 

curves for PX may be explained by the lower range of values obtained for this dependent variable compared 

to the range of values for Xmax and even compared to the range of values obtained for PX in the PB design. 

Thus, under such narrow range, it is impossible to explain the significance of the independent variables 

on PX, which hinders the generation of the respective contour curves and their corresponding analysis 

[54]. On the other hand, from the ANOVA analysis of Xmax it was obtained a satisfactory R2 (84.1%) as well 

as Fcalc>Ftab, which allowed the generation of the second-order model and the subsequent contour curves, 

as presented in Figure 3-1. 
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Table 3-7: results obtained in the RCCD assays for the response variables: volumetric biomass productivity (PX - g.L.-1.d-1), maximum biomass produced (Xmax - g.L-1), total lipids (%w.w-1), total saturated fatty acids (∑SFA 
%TFA), total monosaturated fatty acids (∑MUFA %TFA), total polyunsaturated fatty acids (∑PUFA %TFA), total omega-3 fatty acids (∑n-3 %TFA), eicosapentaenoic acid (EPA %TFA) and docosahexaenoic acid (DHA 
%TFA), and protein content (%w.w-1). The values are the mean and standard deviation of three different analysis (n=3), with the exception for the protein content whose values are the mean of two different analysis 
(n=2) with the deviation representing the maximum and minimum values    

#E 
Px 

(g.L.-1.d-1) 

Xmax 

(g.L-1) 

Total lipids 
(%w.w-1) 

∑SFA 
(%TFA) 

∑MUFA 
(%TFA) 

∑PUFA 
(%TFA) 

∑n-3 FA 
(%TFA) 

EPA 
(%TFA) 

DHA 
(%TFA) 

Protein 
content 
(%w.w-1) 

1 0.262 1.57 21.95±3.02 48.80±1.31 18.22±0.23 32.98±1.12 26.63±0.90 16.79±0.72 5.11±0.17 18.37±0.13 

2 0.196 1.57 20.75±2.17 62.23±1.40 22.73±0.62 15.05±1.42 11.79±1.18 6.62±0.55 3.52±0.43 19.64±0.04 

3 0.240 1.92 20.53±1.25 43.29±1.69 18.63±1.31 38.08±0.84 32.26±0.63 19.28±1.11 6.80±0.28 27.30±0.47 

4 0.249 1.99 20.76±0.69 63.64±2.78 20.73±1.21 15.63±1.64 12.60±1.25 7.11±0.72 3.75±0.41 29.91±0.52 

5 0.205 1.64 28.34±2.85 44.65±0.27 20.44±0.16 34.92±0.11 27.80±0.08 17.67±0.16 5.40±0.09 18.04±0.29 

6 0.167 1.67 24.57±2.02 56.88±0.48 25.50±0.09 17.62±0.56 13.98±0.50 8.99±0.43 3.06±0.31 17.79±0.37 

7 0.239 1.91 25.66±1.80 46.37±1.72 19.65±1.26 33.97±2.21 27.80±2.29 18.35±2.27 4.74±0.07 28.49±0.21 

8 0.211 2.11 22.09±0.41 62.78±2.30 22.68±0.84 14.54±1.59 11.54±1.18 7.33±0.70 2.79±0.33 25.23±0.35 

9 0.217 1.30 22.81±1.49 45.82±1.79 18.54±0.37 35.64±2.02 29.43±1.75 18.84±1.10 5.31±0.47 22.51±0.31 

10 0.255 1.53 19.95±1.90 68.95±2.05 18.59±1.10 12.46±1.34 9.49±0.98 5.35±0.65 2.84±0.29 15.61±0.20 

11 0.215 1.72 20.04±1.08 42.40±4.73 18.33±0.64 39.28±4.10 33.14±3.57 20.14±2.37 5.52±0.66 37.57±0.28 

12 0.228 1.82 20.87±0.77 61.26±3.57 21.95±1.36 16.79±2.69 13.47±2.25 6.70±0.84 4.86±1.28 33.25±1.02 

13 0.183 1.46 24.12±1.29 44.93±2.23 21.01±0.49 34.06±2.04 27.67±1.68 16.80±1.08 6.26±0.36 24.65±0.66 

14 0.166 1.66 25.23±1.76 58.76±0.11 25.28±0.40 15.96±0.51 12.36±0.36 7.70±0.31 2.86±0.08 17.43±0.34 
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Table 3-7 (cont.): results obtained in the RCCD assays for the response variables: volumetric biomass productivity (PX - g.L.-1.d-1), maximum biomass produced (Xmax - g.L-1), total lipids (%w.w-1), total saturated fatty acids 
(∑SFA %TFA), total monosaturated fatty acids (∑MUFA %TFA), total polyunsaturated fatty acids (∑PUFA %TFA), total omega-3 fatty acids (∑n-3 %TFA), eicosapentaenoic acid (EPA %TFA) and docosahexaenoic acid 
(DHA %TFA), and protein content (%w.w-1). The values are the mean and standard deviation of three different analysis (n=3), with the exception for the protein content whose values are the mean of two different 
analysis (n=2) with the deviation representing the maximum and minimum values 

#E 
Px 

(g.L.-1.d-1) 
Xmax 

(g.L-1) 
Total lipids 

(%w/w) 
∑SFA 

(%TFA) 
∑MUFA 
(%TFA) 

∑PUFA 
(%TFA) 

∑n-3 FA 
(%TFA) 

EPA 
(%TFA) 

DHA 
(%TFA) 

Protein 
content 
(%w/w) 

15 0.165 1.65 17.59±1.31 44.15±2.98 22.59±0.22 33.26±3.10 27.38±2.82 16.39±2.09 4.30±0.80 35.47±0.94 

16 0.220 1.76 22.46±1.38 60.76±1.49 23.72±0.23 15.52±1.42 12.26±1.18 7.52±0.59 2.99±0.42 28.65±0.09 

17 0.209 1.67 24.46±0.97 45.54±0.80 18.69±0.44 35.76±0.83 29.44±0.73 18.72±0.58 5.27±0.14 27.73±0.03 

18 0.234 1.87 23.38±2.10 61.65±2.68 23.45±0.87 14.91±1.81 12.05±1.50 7.64±0.97 2.89±0.42 19.71±0.02 

19 0.222 1.33 23.27±2.30 59.28±1.84 23.02±0.55 17.69±1.48 13.48±1.13 8.67±0.78 3.06±0.22 14.51±0.10 

20 0.234 2.34 17.45±1.28 56.37±0.53 23.21±0.80 20.42±0.28 16.11±0.25 9.73±0.13 4.27±0.17 28.61±1.83 

21 0.227 1.36 18.73±2.51 59.50±0.85 22.77±0.35 17.72±0.59 13.97±0.52 7.74±0.37 4.08±0.30 37.71±0.63 

22 0.245 1.96 24.22±2.72 61.10±4.12 20.23±2.49 18.67±2.37 14.31±1.96 8.83±1.08 3.68±0.68 18.53±0.21 

23 0.225 1.80 23.09±2.61 42.47±0.24 18.89±0.34 38.64±0.57 32.07±0.44 20.13±0.31 6.17±0.08 24.41±0.41 

24 0.199 1.59 21.17±0.95 39.09±0.92 20.06±0.78 40.85±0.89 33.80±0.72 20.32±0.51 6.91±0.16 32.09±0.87 

25 0.234 1.87 21.16±0.07 64.60±0.63 22.56±0.35 12.84±0.35 9.70±0.32 6.09±0.14 2.37±0.17 21.45±0.30 

26 0.240 1.92 21.90±2.30 59.47±2.51 22.04±0.98 18.49±1.56 14.17±1.19 9.28±0.74 3.16±0.37 22.14±0.61 

27 0.236 1.89 22.10±1.46 56.71±1.73 22.83±0.06 20.46±1.78 16.07±1.49 10.08±0.68 4.04±0.74 23.52±0.19 
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Although copper supplementation was reduced in this second optimization step, the increasing 

concentration of this micronutrient led to reduced biomass production of P. gyrans, as in the PB design. 

This behavior was more noticeable at higher concentrations (20 µg.L-1), being responsible by a reduction 

of about 0.3-0.4 g AFDW.L-1 when compared with the optimal copper concentration range, < 12 µg.L-1, 

shown in Figure 3-1. These results highlight the harmful effects of copper on P. gyrans, which is in 

accordance with the works of other Pavlovophyceae species [27,32]. According to Purbonegoro et al., 

there was a reduction in cell density of Pavlova sp. when supplemented with 13 µg.L-1 copper, which was 

followed by a dramatic decrease when this concentration increased to 98 µg.L-1 [55]. 

Concentration ranges from 0 to 12 µg.L-1 of CuSO4.5H2O and from 24 to 49 mg.L-1 of NaH2PO4.H2O led to 

the optimal Xmax of P. gyrans. Figure 3-1a) suggests that the tolerance or toxicity of copper on P. gyrans is 

linked to the phosphate concentration in the medium, and it is augmented under lower phosphate values. 

Similar evidence was observed in Selenastrum gracile [56]. The authors argued that under P replete 

conditions there is an increase of intracellular polyphosphate granules, which successfully bind to copper 

and decrease its toxicity. On the other hand, the limitation of phosphate in culture media changes the 

composition of membrane lipids as well as increases the membrane permeability of microalgae, which 

enables copper absorption [56].   

Table 3-8: analysis of variance (ANOVA) with the percentage of explained variance (R2), Fcalculated and Ftabulated, at 10% significance level, 
for the responses mean volumetric biomass productivity (PX) and maximum biomass (Xmax) 

Px (g AFDW.L.-1.d-1) = 0.22 - 0.01x6 + 0.01x3 x15 

R2 (%) Fcalc Ftab 

32.0 5.66 2.54 

Xmax (g AFDW.L-1) = 1.82 + 0.06x3 + 0.19x5 + 0.07x6 - 0.05x6² - 0.08x15 - 0.04x15² 

R2 (%) Fcalc Ftab 

84.1 17.59 2.09 

Px: Ftab 2; 24; 0.10 = 2.54 Xmax: Ftab 6; 20; 0.10 = 2.09   

Concerning the effect of light intensity on Xmax, regardless the interaction with the other variables (x5, x6, 

and x15), its increase always promoted higher growth of P. gyrans, showing that there was no apparent 

photoinhibition under the conditions tested (Figure 3-1b, 1c, 1f). The adequacy of light intensity is of the 

utmost importance for maintaining photosynthetic activity in microalgae. While low light intensity leads to 

low biomass production, light energy supply above the photosynthetic capacity of the microalgae can 

irreversibly damage Photosystem II and the enzymes involved in CO2 fixation (photoinhibition), leading to 

decreased growth kinetics [57]. From Figure 3-1b), 1c), and 1f), the light conditions considered ideal for 
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Xmax should be above 650 μmol.photons.m-2.s-1. However, this feature is highly species-dependent; D. 

lutheri, for instance, has been reported having higher growth performance under medium light irradiance 

(100 μmol.photons.m-2.s-1) instead of low and high illumination (20 and 340 μmol.photons.m-2.s-1) [25]. 

On the other hand, Varshney et al. reported an high light tolerance until 700 μmol.photons.m-2.s-1 of 

Acutodesmus sp., with the highest growth rate at 500 μmol.photons.m-2.s-1 [58]. 

Despite not considered as a significant independent variable in PB design, the addition of NaH2PO4.H2O 

to the RCCD greatly affected the biomass produced by P. gyrans. In fact, the increased range of values 

in RCCD allowed understanding that the biomass production was favored by the higher values of 

phosphorus, with the optimum values ranging from 27 to 47 mg.L-1. Similarly, P. pinguis grown under 

higher loadings of phosphorus was also shown to result in higher biomass production and productivity in 

previous studies [39]. This might be explained by the important role that phosphorus availability plays in 
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Figure 3-1: contour curves for dependent variable Xmax, illustrating the interactions between CuSO4.5H2O and NaH2PO4.H2O, (a), NaNO3 and 
light intensity, (b), CuSO4.5H2O and light intensity, (c), CuSO4.5H2O and NaNO3, (d), NaH2PO4.H2O and NaNO3, (e), and NaH2PO4.H2O and light 
intensity, (f) 
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the electron receptors and donators of Photosystem II, which, under limitation, may hinder photosynthesis 

and cell yield [59,60]. 

A similar trend was presented for NaNO3, with the higher Xmax reached at the highest nitrate concentration 

(≈ 1500 mg.L-1). However, contrary to the other independent variables, it was not possible to figure out 

with confidence its optimal condition. Conversely to the described for Diacronema lutheri, the high 

supplementation of NaNO3 in P. gyrans did not induce an inhibitory effect, generally associated to the 

nitrate reductase, which produces ammonia and nitrite that can severely compromise biomass growth 

[28]. According to Figure 3-1d) and 1e), there is only a slight indication that the optimal range of NaNO3 

starts at 1500 mg.L-1. Thus, a complementary study using a one-factor at a time approach was conducted 

to assess the single effect of NaNO3 on biomass growth of P. gyrans (Section 3.3.3).  

3.3.2.2 Biochemical characterization 

3.3.2.2.1 Lipid and protein content 

The biomass produced from RCCD was analyzed concerning its lipid and protein contents (Table 3-7). 

The lipid content varied between 17.45 % (trial 20) and 28.34 % (trial 5), whereas the protein content 

ranged from 15.61 % (trial 10) to 37.71 % (trial 21). For both dependent variables, protein and lipid 

content, all the independent variables (x3, x5, x6, and x15) were statistically significant (p < 0.1), as described 

in Table 9. Considering the analysis of variance in Table 9 (R2 and Fcalc>Ftab), the second-order models 

achieved were considered adequate for the responses “total lipids” and “protein content” [54]. Thus, 

these models were used to produce the contour curves illustrated in Figure 3-2.  

According to Figure 3-2 a-f), it was possible to identify a well-defined trend relating the lipid content of P. 

gyrans and the independent variables and/or their interactions. Briefly, the total lipids increase with 

decreasing concentration of NaNO3 (x5), with a common optimal region on Figure 3-2b) ,d) and f) for 

concentration values below 600 mg.L-1. This result is aligned with the other studies which pointed out that 

nitrogen limitation on growth medium was the main triggering factor for storage compounds (e.g., lipids 

and carbohydrates) [61]. Several microalgae (e.g., Pavlova, Nitzschia, and Scenedesmus) are reported 

to attain higher lipid contents when cultured with lower nitrogen supplementation [62–64]. Under nitrogen 

depleted conditions, oleaginous microalgae have the ability, through genetic overexpression, to reallocate 

the carbon precursors for protein and carbohydrate synthesis into glycerolipid production, increasing, in 

turn, the content of neutral lipids – mainly as TAG fatty acids – in the biomass [65,66]. 
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The opposite behavior was found for NaH2PO4.H2O (x6) (Figure 3-2a), d) and e)), with increased lipid 

accumulation at higher concentrations of phosphorus in the medium composition, reaching the higher 

lipid content where NaH2PO4.H2O ranged from 45 to 50 mg.L-1. This is not in accordance with lipid content 

of P. pinguis achieved under different phosphorus supplementation [39]. However, and as illustrated in 

Figure 3-2d), some authors have argued that a high supply of phosphorus in microalgae cultures, together 

with nitrogen deficiency, could be the “real trigger” for lipid accumulation. The luxurious phosphorus 

uptake during nitrogen starvation can be stored as polyphosphate granules, which can be further used 
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Figure 3-2: contour curves from RCCD for the dependent variable total lipids (% w.w-1), a-f), illustrating the interactions between CuSO4.5H2O 
and NaH2PO4.H2O, (a), CuSO4.5H2O and NaNO3, (b), CuSO4.5H2O and light intensity, (c), NaH2PO4.H2O and NaNO3, (d), NaH2PO4.H2O and light 
intensity, (e), and NaNO3 and light intensity, (f). Contour curves for protein content (% w.w-1), g-m), illustrating the interactions between 
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for the generation of metabolic energy (ATP) [67]. This supplemental energy will be important for the 

efficient uptake and fixation of inorganic carbon, through the CO2-concentrating mechanism (CCM), which 

is the main pathway responsible for the lipid synthesis in microalgae [67,68]. 

On the other hand, and as previously described for the Xmax, copper concentration (x15) exerted a negative 

impact on lipid accumulation. As described in Figure 3-2c), and particularly in Figure 3-2a) and b), lipid 

accumulation was quite interesting at very low levels of this micronutrient (0 - 2 µg.L-1), which may be 

linked with the higher Xmax produced at lower concentrations of CuSO4.5H2O (Figure 1). That is, in growth 

conditions that enhanced the biomass production, like those with low levels of copper (Figure 3-1), it 

might be expected a more efficient consumption and depletion of nutrients, such as NaNO3, which in turn 

may be responsible for triggering lipid accumulation.  

Regarding the importance of light intensity (x3), it was noteworthy its quadratic effect and the interaction 

of this factor with the other independent variables over the total lipids of P. gyrans. Namely, the existence 

of two distinct regions with high lipid content was visible when assessing the interaction between x5 and 

x3 (Figure 3-2e)). This behavior was not verified when the lipid content depended on the interaction 

between light intensity and CuSO4.5H2O or NaNO3 (Figure 3-2c) and f)), in which the region with higher 

lipid accumulation was represented by the assays with light intensity lower than ≈300 µmol.photons.m-

2.s-1. Guihéneuf et al. reported the highest lipid content of D. lutheri, collected in the exponential phase, at 

340 μmol.photons.m-2.s-1 [25]. However, their results comprised a narrower illumination range (20-340 

μmol.photons.m-2.s-1) than that used in this work. The effect of light on lipid content has been described 

as a species-dependent feature. Scenedesmus showed a minor impact on its lipid content under an 

illumination range from 200 to 1500 μmol.photons.m-2.s-1 [69,70], whereas, under 600 μmol.photons.m-

2.s, the lipid synthesis was incremented in microalgae C. emersonii, P. beijerinckii, and P. kessleri [71]. 

Such diverse effects of light could also be dependent of the nutritional conditions applied, namely the 

nutrient starvation of microalgae.  

The effects of the dependent variables on the protein content are illustrated in the contour curves of Figure 

3-2g-m). Copper concentration positively affected the protein content of P. gyrans. Although the copper 

levels tested in RCCD were lower than those reported by Li et al. [32], the increase in Cu supplementation 

is linked to the generation of free radicals that upregulate the production of antioxidant enzymes involved 

in the protection mechanism, such as catalase, glutathione peroxidase, and superoxide dismutase, 

increasing the protein content in microalgae. On the other hand, as shown in Figure 3-1, the lower growth 



  CHAPTER 3. Biomass and n-3 fatty acids from   
P. gyrans  

 

93 
 

performance under higher copper conditions possibly did not result in nutritional deficiencies that would 

have stressed P. gyrans, enabling protein production rather than accumulation of reserve compounds. 

As the nutrient replete medium will not stimulate or stress microalgae to initiate the accumulation of the 

reserve compounds, this might justify the presence of high contents of protein. Contrary to the lipid 

content, the increasing concentration of NaNO3 increased the protein content of P. gyrans. Depending of 

the interaction between NaNO3 and the remaining independent variables (Figure 3-2h), i) and m)), the 

contour curves analysis suggests that a protein content of 40 %w/w can be reached in the range of 1400-

1500 mg.L-1 of sodium nitrate, which is somehow expected since nitrogen is a vital compound for protein 

and glycerolypid synthesis [65]. Similarly, the protein content of Nannochloropsis was reduced 2.3-fold 

when cultured in nitrogen-depleted conditions, an opposite trend of that observed for the storage 

compounds – lipids and carbohydrates [65]. Even when supplying nitrogen to nitrogen-starved cultures 

of Nannochloropsis gaditana, it was verified an increase in protein content from 0.7 g.L -1 to 1.1 g.L-1, 

attesting that the addition of nitrogen was mainly used for protein synthesis [72].  

High light intensity decreased the protein content, which only exceed the 32 %w/w under low and medium 

light intensities, namely, from 200 to ≈ 400 µmol.photons.m-2.s-1 (Figure 3-2j), l) and m)). A similar effect 

was described in Scenedesmus and Dunaliella salina, whose protein content decreased with increasing 

light intensities from 50 to 400 µmol.photons.m-2.s-1 [69] and from 100 to 600 W, respectively [73]. As 

reported in Figure 3-1, Xmax of P. gyrans was positively correlated with light intensity. So, under these 

conditions it is expected a superior nutrient consumption, which limits the nitrogen availability (Figure 

3-2m)) and might hinder protein synthesis at higher illumination [74]. In addition, the high light intensity 

could stress the microalgae, driving the utilization of energy resources towards the accumulation of 

storage products [73,74]. 

Concerning the NaH2PO4.H2O, it was concluded that, generally, the use of larger concentrations of 

phosphorus lead to a decrease in the protein content of P. gyrans. In fact, Figure 3-2g) ,i) and l) suggest 

that higher concentrations of this compound (> 35 % w/w) were only reached when growth medium was 

supplemented with a lower concentration of phosphorus (10 - 20 mg.L-1). Greater supply of phosphorus 

– from 50 to 250 mg.L-1 – also promoted a decrease in protein content of A. platensis grown with 42 and 

60 µEm-2s-1, being the lowest protein level obtained under limited phosphorus conditions (10 mg.L-1) [75]. 

Considering that all trials were stopped in the stationary phase, where nitrogen availability for P. gyrans 

should be limited, lower protein synthesis with increasing phosphorus supplementation might be possibly 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/nannochloropsis-gaditana
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linked to the preference for lipid accumulation under these growth conditions, as previously reported 

[67,68].  

3.3.2.2.2 Fatty acid analysis 

The fatty acid profile (%TFA) of P. gyrans obtained from the RCCD is presented in Table 3-7. In order to 

simplify the statistical analysis, the evaluation of the four independent variables on fatty acid composition 

was performed on EPA and DHA abundance, with the remaining responses being represented by the 

different classes of fatty acids according to their degree of (in)saturation, namely saturated (SFA), 

monounsaturated (MUFA) and polyunsaturated (PUFA) fatty acids, as well as omega-3 fatty acid content 

(Table 3-7). 

In addition to the key role played in growth performance, the manipulation of abiotic factors during 

microalgae growth has also been highlighted as a key strategy that strongly influences and alters the 

biochemical composition of these microorganisms. This influence is quite obvious in Table 3-7, in which 

it can be seen that different combinations of light intensity, NaH2PO4.H2O, NaNO3, and CuSO4.5H2O led to 

a wide range of values, for example, for PUFA (12.46 - 40.85 %TFA), SFA (39.09 - 68.95 %TFA) or EPA 

content (5.35 - 20.32 %TFA).  

Using the set of responses and the respective significant terms (p < 0.1), a mathematical model with 

coded independent variables was generated for each dependent variable of Table 3-7. According to the 

ANOVA, and apart from MUFA, all dependent variables related to fatty acid composition showed a high 

R2 value and respected the Fcalc>Ftab condition, attesting the fitness of all second-order models (Table 3-9). 

The contour curves of the response DHA and EPA (%FA/TFA) are presented in Figure 3-3.  

According to Figure 3-3, the growth conditions tested promoted a significant impact on the EPA content, 

whose value ranged between 5.35 and 20.32 % TFA. The variation in DHA levels occurred in a narrower 

range of values, varying between 2.37 and 6.91 % TFA. Several authors have identified and discussed 

the effects of the aforementioned abiotic factors on the fatty acid composition of microalgae. However, 

most of them adopted a univariate approach, which makes it impossible to identify possible interactions 

between abiotic factors, as well as to compare these results with those obtained in the present study for 

P. gyrans [76].  

Production of EPA and DHA were strongly reduced with increasing light intensities, especially at medium 

and high irradiances. According to Guihéneuf et al., increasing the light intensity from 20 to 340 

µmol.photons.m-2.s-1 significantly reduced the content of n-3 fatty acid and PUFA – mainly EPA – in P. 
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lutheri [25]. However, and contrary to the results reported here, the authors stated that the highest DHA 

content was achieved with higher irradiance. 

Similarly, the study on the interactive effects between temperature and light showed a negative impact of 

light intensity on PUFA and EPA levels of D. lutheri harvested in exponential and stationary phase, while 

for DHA the variation was smaller, and the trend varied according to growth temperature [37]. This 

negative correlation between PUFA content and increase of light intensity is a well-known trend widely 

described in several microalgae species. High light intensities are linked to a decreased unsaturation 

degree of the fatty acids from the different lipid classes. Guedes et al. described that increasing 

illumination enables a shift in fatty acids composition of polar and neutral lipids of D. lutheri [77]. At 

higher irradiances, there was an enhanced triacylglycerols accumulation, which are mainly composed of 

saturated residues, having the authors also described a reduction in the unsaturation degree of fatty acids 

from the polar fraction, such as monogalactosylacylglycerols, digalactosylacylglycerols, and acylated steryl 

EPA %TFA  

DHA %TFA 

a) b) c) 

d) e) f) 

g) h) i) 

Light intensity (x3) Light intensity (x3) 

Light intensity (x3) Light intensity (x3) Light intensity (x3) 

NaH2PO4.H2O (x6) 

NaH2PO4.H2O (x6) NaNO3 (x5) NaNO3 (x5) 

C
uS

O
4.5

H
2O

 (
x1

5) 

C
uS

O
4.5

H
2O

 (
x1

5) 
C

uS
O

4.5
H

2O
 (

x1
5) 

N
aN

O
3 (

x5
) 

C
uS

O
4.5

H
2O

 (
x1

5) 

C
uS

O
4.5

H
2O

 (
x1

5) 

N
aH

2P
O

4.H
2O

 (
x6

) 

N
aH

2P
O

4.H
2O

 (
x6

) 

N
aH

2P
O

4.H
2O

 (
x6

) 

Figure 3-3: contour curves from RCCD for the dependent variable EPA %TFA, a-c), illustrating the interactions between CuSO4.5H2O and 
NaH2PO4.H2O, a), CuSO4.5H2O and light intensity, b), and NaH2PO4.H2O and light intensity, c). Contour curves for DHA %TFA, d-i), illustrating 
the interactions between NaH2PO4.H2O and light intensity, d), CuSO4.5H2O and light intensity, e), NaNO3 and light intensity, f), CuSO4.5H2O 
and NaNO3, (h), CuSO4.5H2O and NaH2PO4.H2O, h), and NaH2PO4.H2O and NaNO3, i) 
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glycosides [77]. For both fatty acids, the NaNO3 variable showed no significant effect (p > 0.10), with only 

its interaction with NaH2PO4.H2O being significant on DHA production (p < 0.10) – Table 3-7. In fact, when 

interacting with NaH2PO4.H2O, the highest DHA content (> 5 %) was achieved using high NaNO3 

concentrations (≈ >1250 mg.L-1) and the lowest phosphorus concentrations, as shown in Figure 3-3i).  

According to the calculated coefficients (Table 3-9), there was a negative correlation between phosphorus 

supply and the DHA level of P. gyrans. This result is in agreement with the variation of the DHA content 

of P. pinguis, whose content suffered a slight decrease when increasing the phosphorus loading from 

36.60 µmol.L-1 to 72.40 µmol.L-1 [39]. However, the effect of phosphorus on PUFA production is 

dependent on several factors, such as the species of microalgae, the combined effects of the culture 

conditions, and the concentration of phosphorus in the culture medium, which hinders the comparison 

of results.  

Table 3-9: analysis of variance (ANOVA) with the percentage of explained variance (R2), Fcalculated and Ftabulated, at 10% significance level, for the 
responses: total lipids (% w.w-1), protein content (% w.w-1), saturated fatty acids (SFA %TFA), monosaturated fatty acids (MUFA %TFA), 
polyunsaturated fatty acids (PUFA %TFA), total of omega-3 fatty acids (n-3 FA %TFA), eicosapentaenoic acid (EPA %TFA) and docosahexaenoic 
acid (DHA %TFA) 

 R2 Fcalc Ftab* 

Total lipids (%w.w-1) = 21.61 + 0.64x3² - 1.22x5 + 1.39x6 - 0.64 x15 + 0.57 

x3x5 + 0.77 x3x15 - 0.70 x5x6 - 0.68 x6x15 
84.25 12.04 2.04 

Protein content (%w.w-1) = 22.36 - 1.71 x3 + 5 x5 - 1.95 x6 + 1.37 x6² + 

1.91 x15 + 1.40 x15² - 1.60 x3 x15 
84.44 14.73 2.06 

SFA %TFA = 59.62 + 6.96 x3 - 1.49 x3² - 4.69 x15² + 1.50 x5 x6 88.20 41.10 2.22 

MUFA %TFA = 21.94 + 1.39 x3 + 0.75 x6 - 0.67 x15² 58.50 10.81 2.34 

PUFA %TFA = 18.07 - 8.35 x3 + 1.83 x3² + 5.43 x15² 91.97 87.83 2.34 

∑ n-3 FA %TFA = 14.06 - 7.06 x3 + 1.71 x3² + 4.76 x15² 91.27 80.11 2.34 

EPA %TFA = 8.60 - 4.55 x3 + 1.13 x3² + 2.89 x15² + 0.73 x3 x6 92.29 65.85 2.22 

DHA %TFA = 3.65 - 0.90 x3 - 0.25 x6 + 0.72 x15² - 0.43 x5 x6 82.39 25.84 2.22 

*Significance level of 10% 

Huang et al. reported that limited supply of phosphorus promoted changes in the lipid composition of 

microalgae, namely increasing content of neutral lipids (TAG) with a concomitant decrease of polar lipids 

(e.g., phospholipids) [29]. Comparing to phosphorus-repleted conditions, the limitation of this nutrient 

seems not to significantly influence DHA levels in polar lipids, with a slight decrease occurring in 

glycolipids, phospholipids, and betaine lipids in D. lutheri  [29]; however, this trend was observed in 
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glycolipids of Tisochrysis lutea [78]. Similarly, no clear trend was found between DHA content and the 

combined effect of different N and P supplies in D. lutheri [27].  

Copper, on the other hand, showed a quadratic effect for both FAs, reaching their highest contents at the 

limits of the tested values range. This result is partially in line with those reported by Carvalho et al. whose 

medium formulation absent of copper improved the DHA and EPA content of D. lutheri [27]. Several 

studies have pointed out that thylakoid membranes are prone to oxidative damage when subject to higher 

copper concentrations, which leads to lipid peroxidation of the fatty acids and diminishes the PUFA 

content of microalgae [32,55,79]. However, these works have tested a wider range of copper 

concentrations than described here with P. gyrans, which makes fatty acids degradation for the highest 

copper condition tested (20 µg.L-1) unlikely, as confirmed in Figure 3-3. Considering the biomass 

production (Figure 3-1), the lowest EPA and DHA composition was achieved at intermediate copper 

concentrations (Figure 3-3), i.e., close to the range of values where P. gyrans produced the highest 

biomass levels (Xmax). Thus, the EPA and DHA content might be indirectly affected by the copper content 

through its influence on the growth performance of microalgae, which determines the nutritional 

properties of the P. gyrans growth conditions and, consequently, its biochemical composition [26].  

3.3.3 Effect of NaNO3 concentration on biomass productivity and biochemical composition 

of P. gyrans 

3.3.3.1 Biomass growth analysis  

The outcomes derived from the RCCD showed that the optimal range of NaNO3 concentration for 

maximum biomass production by P. gyrans was barely identified in the respective contour curves (Figure 

3-1). For that reason, an univariate approach was implemented to evaluate the single effect of the 

independent variable x5, whereas the remaining variables were fixed, according to Figure 3-1, at their 

optimal value, namely 700 µmol.photons.m-2.s-1, 40 mg.L-1 and 6 µg.L-1 for light intensity (x3), NaH2PO4.H2O 

(x6) and CuSO4.5H2O (x15) concentrations, respectively. The growth profile and kinetics analysis are 

described in Figure 3-4 and Table 3-10, respectively. Overall, slower growth could be visualized from the 

sixth day onwards for the conditions with higher NaNO3 supplementation, with the lowest level showing 

the highest Xmax and biomass productivity at day 10 (Table 3-10), despite not statistically significant (p > 

0.05). Thus, attending to the results in Figure 3-1 and Figure 3-4, both data indicated the 1500 mg.L-1 as 

the theorical optimal level of the independent variable x5 for the validation test.  
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Figure 3-4: ash-free dry weight (AFDW g.L-1) of P. gyrans grown under different concentrations of NaNO3 

3.3.3.2 Lipid and protein content  

The total lipid and total protein content are presented in Table 3-10. The lipid content decreased from 

22.80 % w.w-1 – at 1500 mg.L-1 NaNO3 – to 20.57 % w.w-1 –  at 3000 mg.L-1 NaNO3 – with no statiscal 

significance (p > 0.05). The values here reported are in accordance with the range of values described in 

RCCD – Figure 3-2b), d) and f). These lower total lipids content under the N replete conditions proved, 

once again, the key role of nitrogen availability on lipid accumulation of microalgae [62–64]. 

Table 3-10: values of maximum biomass produced (Xmax, g AFDW.L-1) and volumetric biomass productivity (PX, g AFDW.L-1.d-1) at the beginning 
of the stationary phase (10 d), protein content (% w.w-1), total lipids (% w.w-1) and fatty acids composition (expressed in % of TFA) of P. gyrans 
cultivated with 1500, 2000, 2500, and 3000 mg.L-1 of NaNO3. Values are the mean and standard deviation of three replicates (n=3). Different 
letters indicate significant differences in the fatty acids or the fatty acids class between the NaNO3 treatments (one-way ANOVA, p < 0.05, 
followed by the Tukey’s test) 

 NaNO3 (mg.L-1) 

 1500 2000 2500 3000 

Xmax  2.05±0.13a 2.00±0.15a 1.93±0.13a 1.87±0.05a 

Px  0.205±0.013a 0.200±0.015a 0.193±0.013a 0.187±0.005a 

Protein content  38.06±3.77a 44.24±3.51ac 47.81±2.16bc 42.89±1.36ac 

Total lipids  22.80±2.50a 22.10±1.13a 21.63±2.10a 20.57±1.79a 
Fatty acid (% TFA) 

C20:5 n-3 23.86±1.32a 23.61±2.91a 25.2±2.48a 24.31±1.60a 

C22:6 n-3 10.84±0.36a 11.07±3.16a 12.04±1.12a 13.23±0.94a 

Σ SFA 28.34±1.80a 29.87±7.00a 26.04±1.95a 25.98±0.63a 

Σ MUFA 20.19±0.58a 18.91±1.70a 18.81±1.67a 18.83±2.02a 

Σ PUFA 51.48±2.29a 51.22±8.71a 55.15±2.84a 55.19±2.63a 

Σ n-3 42.68±1.38a 43.04±7.45a 46.25±1.81a 46.04±2.46a 

Saturated fatty acids (SFA), monosaturated fatty acids (MUFA), polyunsaturated fatty acids (PUFA), omega-3 fatty acids (n-3), omega-6 fatty acids (n-6) 
eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA) and total fatty acids (TFA). 

Concerning the protein content, its value varied from 38.06 % w.w-1 (at 1500 mg.L-1 NaNO3) to 47.81 % 

w.w-1 (at 2500 mg.L-1 NaNO3), with the difference being significant (p < 0.05) only among these two trials. 
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As showed in Figure 3-2, similar (high) contents of protein were reached when P. gyrans was cultured 

under great supply of NaNO3. The data in Table 3-10 confirm that the carbon fixed during photosynthesis 

under high nitrogen supply, was mainly used for de novo protein synthesis, rather than the production of 

storage compounds such as neutral lipids [72].  

3.3.3.3 Fatty acids analysis 

The effect of NaNO3 concentration – from 1500 to 3000 mg.L-1 – on fatty acids profile of P. gyrans is 

presented in Table 3-10. The whole set of experiments showed a very similar fatty acids composition, 

with non-significant variations (p > 0.05) of EPA, DHA, and the FAs classes. Under high NaNO3 

supplementation, stands out the production of PUFA, which exceed 50 % TFA in all conditions tested. 

Regarding DHA level, there was a slight increase – from 10.84 % to 13.23 % TFA – with increasing NaNO3 

concentrations. Similar trend was observed for EPA, which value ranged from 23.61 to 25.20 % TFA (at 

2500 mg.L-1). 

3.3.4 Validation test 

3.3.4.1 Biomass growth analysis  

In order to validate the optimal conditions of the independent variables x3, x5, x6, and x15, described in 

Section 0 and Section 3.3.3, a validation assay was performed – Figure 3-5. The main goal was to validate 

the mathematical model developed (Table 3-8) and to compare the growth performance of P. gyrans in 

the optimal formulation with the control conditions (Walne’s medium), Table 3-4. Supplementary assays 

were also carried out to evaluate: i) the impact of vitamins absence and ii) if all the non-significant variables 

identified in PB design could be set at their minimum level. Due to practical issues, the assay with control 

conditions (Walne’s medium) was also conducted under the optimal light intensity (700 µmol.photons.m-

2.s-1). 

Table 3-11 and Figure 3-5 show that a very distinctive growth profile of P. gyrans was reached with the 

optimized abiotic factors. While the optimized conditions allowed a constant growth from day 2 to 10, 

reaching a maximum biomass of 2.26 g AFDW.L-1 (p < 0.05), in all the other experiments, P. gyrans 

ceased its growth at day 4, with the control reaching 0.59 g AFDW.L-1 (Table 3-11). The two-step statistical 

approach adopted here yielded a significant 3.8-fold improvement in biomass production of P. gyrans 

(Table 3-11). Considering that both trials were performed at the same light intensity, this result seems to 

be related to the increased supplementation of NaNO3 and NaH2PO4.H2O, limitation of CuSO4.5H2O in the 
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growth medium and, to a lesser extent, probably due to the addition of an extra source of inorganic carbon 

(NaHCO3) [26].  
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Figure 3-5: growth of P. gyrans, ash-free dry weight (g AFDW.L-1), in the validation assays: optimized conditions, Opt, control/Walne’s medium, 
Con, medium without vitamins, Vit-, and assay with the abiotic factors considered non- significant in Plackett-Burman design fixed at Level -
1, Lvl-1. Data from sampling time a1) and a2) were used in the biomass growth analysis. Samples b) in Opt assay were used in lipid analysis 

Using the coded values for the independent variables, the mathematical models (Table 3-8 and Table 

3-9) were used to predict the response values for Xmax, total proteins, total lipids, EPA and DHA (%FA/TFA). 

The predicted values, as well as the associated errors between the experimental and predicted data, are 

displayed in Table 3-12. Due to their low relative error, the predicted value for Xmax (RE -3.69%) and total 

protein (RE 0.60%) are in accordance with the experimental values, attesting the fitness of the model. On 

the other hand, the deviation from the experimental values for total lipids, and especially for EPA and 

DHA, was higher, accounting for relative errors of 22.10 %, 64.39 %, and 82.54 %, respectively.  

Table 3-11: values of maximum biomass produced (Xmax) and volumetric biomass productivity (PX) at the beginning of the stationary phase 
(tx) for the P. gyrans grown in the validation assays: optimized conditions, Opt, control/Walne’s medium, Con, medium without vitamins, Vit-
, and assay with the abiotic factors considered non-significant in Plackett-Burman design fixed at Level -1, Lvl-1. Values are the mean and 
standard deviation of three replicates (n=3). Different letters indicate significant differences between the validation assays (one-way ANOVA, 
p < 0.05, followed by the Tukey’s test). Gain was calculated as the ratio of Xmax/Xmaxcontrol 

 tx (d) Px (g AFDW.L-1.d-1) Xmax (g AFDW.L-1)  Gain  
Con 4  0.148 ± 0.003α 0.59 ± 0.01a 1.0 

Lvl-1 4  0.229 ± 0.013β 0.92 ± 0.05b 1.5 

Vit- 4 0.153 ± 0.001α 0.61 ± 0.01a 1.0 

Opt 10 0.225 ± 0.005β 2.26 ± 0.05c 3.8 

 

The assay without vitamins showed the crucial role played by these nutrients on P. gyrans. Its growth was 

severely delayed after the second day and ceased by the fourth day with a maximum biomass produced 

similar to the control (p > 0.05) (Table 3-11). Additionally, it was also possible to confirm the negative 
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effects of vitamin depletion in P. gyrans, thanks to the development of an unusual greenish color instead 

of the common brown or yellow color (Figure 3-6). The inability to grow in vitamin-free environments, are 

in accordance with the described for other haptophytes: D. lutheri [27] and T. lutea [80]. Haptophytes 

are considered vitamin B12 (cyanocobalamin) auxotrophs due to the absence of the cobalamin-

independent isoform of methionine synthase, which negatively affects the protein synthesis on microalgae 

under privation of B12 [80]. The lower growth here reported for P. gyrans may be attributed to the residual 

concentrations within the cell, considering that no culture acclimation was done before the assay, or due 

to the residual content of vitamin B12 present in the natural sea salt used in the medium formulation [80]. 

Table 3-12: experimental and predicted values, as well as the relative errors (%RE = 100 x (Exp-Pred)/Exp), for the responses maximum 
biomass produced (Xmax), protein content, total lipids, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), achieved under the 
optimal conditions defined for validation of the mathematical models produced  

Response Experimental Predicted %RE 
Xmax (AFDW g.L-1) 2.26 ± 0.05 2.34 -3.69 

Protein content (%w.w-1) 30.76 ± 4.37 30.58 0.60 
Total lipids (%w.w-1) 28.30 ± 0.95 22.05 22.10 

EPA (%TFA) 20.69 ± 1.61 7.37 64.39 
DHA (%TFA) 10.33 ± 0.30 1.80 82.54 

 

Regarding the Lvl-1 assay, these conditions produced the second highest maximum biomass produced 

at the end of the exponential phase, with a significative difference from the remaining conditions tested 

(p < 0.05) – Table 3-11 and Figure 3-5. Despite being presented in PB design as independent variables 

with no significant effects on Xmax (p > 0.10), reducing these eleven abiotic factors at the same time 

inhibited P. gyrans growth from the fourth day onwards. Similarly, in previous studies, the mineral 

limitation in the culture medium negatively affected biomass production of D. lutheri, especially when 

deprived of Ca, Fe, Mn, Zn or Co [27]. 

Vit- Lvl-1 Con Opt 

Figure 3-6: appearance of the P. gyrans cultures of the validation assays: optimized conditions, Opt, control/Walne’s medium, Con, medium 
without vitamins, Vit-, and assay with the abiotic factors considered non-significant in Plackett-Burman design fixed at Level -1, Lvl-1  
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Furthermore, it is well known the key role developed by some of these nutrients as important cofactors 

for enzymatic processes involved in protein synthesis, carbon fixation, and chlorophyll production in 

microalgae [81,82], which may be severely affected under mineral limited conditions.  

3.3.4.2 Biochemical analyses 

3.3.4.2.1 Lipid and protein content 

P. gyrans from the validation assays reached a protein content of 45.86, 42.11, 30.76, and 10.59 % w.w -

1 under the growth conditions of Vit-, Lvl-1, Opt, and Con, respectively (Figure 3-7). The assays Vit- and 

Lvl-1 had similar protein amounts, with significant differences (p < 0.05) for Opt and Con. In addition to 

increasing biomass production, the optimized growth conditions also allowed a 3-fold increase on protein 

content compared to the control (p < 0.05). The range of values reported in the validation tests are in 

accordance with the protein contents obtained in medium formulations with high nitrogen supply (Chapter 

3.3.2.2.1) and follow the trend described in Figure 3-2 for such conditions. Despite the variety of 

formulations, the highest values of protein were achieved in the assays that shared the optimal value of 

nitrogen, phosphorus, and copper.  

In terms of lipid content, the experiments Lvl-1, Opt, and Con, showed the highest value, ranging from 

26.73 to 28.3 % w.w-1 (Figure 3-7). The absence of vitamins in P. gyrans culture led to a significant 

decrease compared to the other conditions (p < 0.05), totaling only 19.83 % w.w-1. The effect of time was 

also assessed in the lipid content and fatty acid profile of the optimum growth conditions – Figure 3-7 

and Table 3-13. For that, two different samples were taken throughout the P. gyrans growth: one was 

taken in the transition between exponential and stationary phase (10 days) and the second one at the 

end of the microalgae growth (14 days) – sample b) in Figure 3-5. Increasing the sampling time 4 days, 

enabled an increment of 5 % in the lipid content (p < 0.05) of P. gyrans, which reached 28.3 % w.w-1 at 

end of the growth.  

Considering the calculated coefficients of the model obtained for lipid and protein content (Table 3-9), we 

can suggest that the sharp variations for both compounds may be mainly attributed to the supply of 

nitrogen (x5) and phosphorus (x6). As previously mentioned, nitrogen concentration has been described 

as one of the main factors responsible for modulating the production of protein, lipids, and carbohydrates. 

The replete or limited conditions of N acts as a switch that promotes cell division and protein synthesis 

or store the carbon photosynthetically fixed as neutral lipids, respectively [65].  
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Figure 3-7: Values of the total lipids (% w.w -1) and protein content (% w.w -1) for the P. gyrans grown in the validation assays. Values are the 
mean and standard deviation of three assays (n=3). Different letters indicate significant differences between the validation assays (one-way 
ANOVA, p < 0.05, followed by the Tukey’s test)  

3.3.4.2.2 Fatty acids analysis 

The fatty acids profiles of P. gyrans’ biomass produced in the validation experiment are presented in 

Table 3-13. In general, thirteen fatty acids (> 1% TFA) were identified in P. gyrans, of which five stand out 

most prominently (> 10 % TFA): C14:0, C16:0, C16:1 n-7, C20:5 n-3 and C22:6 n-3. Among these, and 

despite the different growth conditions, it was possible to verify a common feature of P. gyrans: the high 

level of both EPA and DHA – which reached the maximum value of 27.03 % and 11.65 % TFA, respectively. 

Also, the fatty acids profile of P. gyrans here described is in accordance with other microalgae species, 

such as P. viridis [64], P. pinguis [20] and D. lutheri [37]. The optimal growth conditions produced 

noticeable differences compared to the control. The modifications carried out on abiotic factors, mainly 

those on NaNO3, NaH2PO4.H2O, and CuSO4.5H2O concentrations, overall resulted in a significant increase 

(p < 0.05) on total PUFA content (≈10% TFA) and n-3 fatty acids (≈12% TFA), with a concomitant decrease 

of ≈11 % in total SFA (p < 0.05). Particularly, it was evident a substantial improvement in the DHA content, 

which raised from 5.73 to 10.33 % TFA (p < 0.05), with a similar trend for EPA – increased from 17.09 

to 20.69 % TFA (p > 0.05).  

Regarding the evolution of the fatty acids profile of Opt between the onset of stationary phase and its end, 

no significant variation was notable, except for the total MUFA (p < 0.05), that increased with the culture 

aging. Despite not being statistically relevant, two fatty acids presented the same order of variation (4 %) 

but with opposite trends among both sampling times. That is, the earlier sampling has an increased 

content of EPA, whereas the C16:1 n-7 was more pronounced at 14 days.  
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Table 3-13: fatty acids composition, expressed in % of TFA and mg.g-1 dry weight, of P. gyrans from the validation assays: optimized conditions 
at day 10 (Opt.i) and 14 (Opt), control/Walne’s medium, Con, medium without vitamins, Vit-, and assay with the abiotic factors considered 
non-significant in Plackett-Burman design fixed at Level -1, Lvl-1. Values are the mean and standard deviation of three replicates (n=3). 
Different letters indicate significant differences in the fatty acid or the fatty acids class between the treatments (one-way ANOVA, p < 0.05, 
followed by the Tukey’s test) 

Fatty acid %TFA Opt.i (10 d) Opt (14 d) Con Vit-1 Lvl-1 
C14:0 11.33 

±0.47 
10.57 
±0.89 

11.55 
±1.36 

8.87 
±1.13 

9.41 
±0.91 

C16:0 17.73 
±0.21 

19.32 
±2.63 

29.62 
±2.96 

20.25 
±2.15 

17.73 
±0.21 

C16:1 n-7 13.92 
±1.94 

17.88 
±1.52 

17.1 
±1.49 

8.83 
±0.58 

14.21 
±0.50 

C16:2 n-4 1.02 
±0.05 

0.99 
±0.36 

0.39 
±0.05 

0.66 
±0.04 

0.96 
±0.15 

C18:0 3.46 
±0.63 

2.75 
±0.32 

2.21 
±0.40 

7.45 
±1.39 

3.38 
±0.86 

C18:1 n-9 0.85 
±0.06 

1.15 
±0.09 

1.59 
±0.22 

1.05 
±0.20 

1.13 
±0.13 

C18:1 n-7 1.11 
±0.51 

1.21 
±0.15 

0.81 
±0.14 

4.13 
±0.83 

1.82 
±0.13 

C18:2 n-6 1.74 
±0.52 

1.24 
±0.26 

2.03 
±0.37 

0.28 
±0.05 

2.16 
±0.16 

C18:3 n-3 0.78 
±0.03 

0.69 
±0.15 

0.42 
±0.05 

0.67 
±0.17 

1.18 
±0.13 

C18:4 n-3 7.04 
±0.80 

6.56 
±0.62 

3.25 
±0.46 

7.77 
±0.97 

6.70 
±0.33 

C20:5 n-3 24.33 
±1.03ac 

20.69 
±1.61ad 

17.09 
±1.65bd 

27.03 
±2.41ce 

23.37 
±0.51ae 

C22:5 n-6 7.36 
±0.82 

6.60 
±0.11 

8.21 
±0.99 

4.30 
±0.29 

6.32 
±0.52 

C22:6 n-3 9.30 
±0.80a 

10.33 
±0.30ad 

5.73 
±0.62b 

8.71 
±0.80a 

11.65 
±0.83cd 

Σ SFA 32.53 
±1.03ac 

32.65 
±2.25ac 

43.37 
±2.25b 

36.57 
±2.46a 

30.51 
±1.36c 

Σ MUFA 15.88 
±2.29ac 

20.24 
±1.35b 

19.5 
±1.62ab 

14.01 
±1.28cd 

17.16 
±0.44abd 

Σ PUFA 51.59 
±1.54a 

47.11 
±3.24a 

37.13 
±3.5b 

49.42 
±3.45a 

52.33 
±1.59a 

Σ n-3 41.46 
±0.47ac 

38.27 
±2.57a 

26.49 
±2.33b 

44.19 
±3.20cd 

42.89 
±1.08ad 

Σ n-6 9.10 
±1.35 

7.84 
±0.36 

10.25 
±1.24 

4.57 
±0.32 

8.47 
±0.66 

n-3/n-6 4.62 
±0.72 

4.88 
±0.15 

2.59 
±0.1 

9.66 
±0.32 

5.08 
±0.28 

 



  CHAPTER 3. Biomass and n-3 fatty acids from   
P. gyrans  

 

105 
 

The composition of P. gyrans grown with limited micronutrients presented a similar fatty acids profile to 

the optimal conditions. Although the lower concentration of a high number of nutrients hindered the 

growth of P. gyrans, this change in culture conditions did not greatly affect the fatty acids composition. In 

fact, the comparison between the Opt, Lvl-1, and Con assay, allows us assuming that the production of 

fatty acids by P. gyrans was strongly dependent on the individual or combined availability of nitrogen, 

phosphorus, and copper.  

The amount of nitrogen available has been reported as a crucial factor involved in lipids and fatty acids 

modelling in microalgae. In N replete conditions, microalgae are not stressed, preventing lipid membrane 

remodeling, in which an increased accumulation of neutral lipids (e.g. TAGs), at the expense of polar 

lipids, is promoted. Polar lipids are the main components of photosynthetic membranes in microalgae, 

which are the main sink of PUFAs and may explain the relative high levels of EPA and DHA, as well the 

lower content of SFA on P. gyrans [26,64].  

The trial without supplementation of both vitamins presented the highest value of EPA compared to Con 

and the Opt (14 d) (p < 0.05). Furthermore, there were also described important variations in other five 

fatty acids (statistical analysis not presented). Namely, the Vit- had the lowest level of C16:1 n-7, C18:2 

n-6, and C22:5 n-6, which decreased 1.6-2.0-fold, 4.4-7.7-fold, and 1.5-1.9-fold, respectively. Conversely, 

there was an increase of 2.2-3.4 times in C18:0 and 2.3-5.1 times in C18:1 n-7.     

3.3.4.3 Nutritional indices  

Microalgae have been highlighted as a promising source of important bioactives for nutraceutical 

applications. This importance is partially linked to their ability to produce high levels of PUFA that have 

proved their biological importance as anti-inflammatory and antioxidant compounds in several illnesses, 

such as some related to the cardiovascular system and mental development [2,3]. However, to reach 

that goal, an extensive work must be done in order to identify microalgae species with suitable fatty acids 

composition, and mostly to identify the respective adequate growth conditions for the biomass produced 

to meet the appropriate nutritional indices for human applications [45].  

Taking into account the fatty acids composition of P. gyrans, the impact of the validation conditions on its 

nutritional value was estimated by the calculation of the hypocholesterolemic (HI), atherogenic (AI), 

and thrombogenic indices (TI) (Figure 3-8). These indices allow to categorize food products according to 

their healthiness for human diet, especially the likelihood to develop cardiovascular disease (CVD), which 

is usually associated with the accumulation of lipid plaques in the circulatory system (atherogenicity), clot 
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formation in the blood vessels (thrombogenicity), and the cholesterol increase in blood 

(hypocholesterolemia) [46]. In general, a fatty acids composition rich in saturated residues, in opposition 

to unsaturated FAs, has pro-atherogenic, pro-thrombogenic, and hypercholesterolemic activity, promoting 

high AI and TI indices, and reduced HI index, which may lead to increased CVD risk [46,83]. Similarly, 

several studies have highlighted the detrimental effect of Western diet for human health because of the 

massive increase (> 15 times) of pro-inflammatory n-6 FA intake, over the anti-inflammatory n-3 FA, which 

have been linked to the development of inflammatory diseases, cancer, and CVD [8]. 

The main outcome of the present work was the significant (p < 0.05) variation achieved in the values of 

AI, TI and HI: compared to Con experiment, whose biomass produced the highest values for AI (1.34) 

and TI (0.45), and the lowest for HI (0.96), P. gyrans produced under the optimal conditions (Opt) yielded 

0.93, 0.24, and 1.63 for AI, TI, and HI, respectively. This variation amongst the nutritional indices arises 

from the considerable increase of the SFA C16:0 (29.62 % TFA) in Con (Table 3-13), a fatty acid 

considered pro-atherogenic, pro-thrombogenic, and hypercholesterolemic, in opposition to P. gyrans 

biomass enriched with n-3 FA (38.27 % TFA) and PUFA (47.11 % TFA) from Opt [46]. Similarly, the ratio 

∑n-3/∑n-6 % TFA almost doubled in the optimal conditions of P. gyrans (4.88) when compared to the 

control (2.59).  
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Figure 3-8: hypocholesterolemic index (HI), atherogenic index (AI), and thrombogenic index (TI) of P. gyrans produced in the validation 
assays under the optimized conditions at day 10, Opt.i, and 14, Opt, control/Walne’s medium, Con, medium without vitamins, Vit-, and 
assay with the abiotic factors considered non-significant in Plackett-Burman design fixed at Level -1, Lvl-1. Values are the mean and standard 
deviation of three assays (n=3). Different letters indicate significant differences in the fatty acid or the fatty acids class between the treatments 
(one-way ANOVA, p < 0.05, followed by the Tukey’s test) 

The nutritional values here reported for the optimal conditions of P. gyrans are in accordance with other 

microalgae. Aussant et al. assessed the nutritional value of eight microalgae species and stated that the 
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average values for AI, TI, and HI indices ranged from 0.492 – 1.424, 0.197 – 0.836, and 0.523 – 2.014, 

respectively [45]. HI index of P. pinguis grown under different levels of nitrogen varied from 1.28 to 2.16 

[84]. Thus, considering that a healthy diet should be characterized by high intake of n-3 fatty acids, low 

values of AI and TI, and relatively high values of HI [8,83], P. gyrans cultured at their optimum conditions 

presents itself as a potential source of healthy lipids for human consumption, mostly due to its ability to 

produce high contents of EPA and DHA.  

3.4 CONCLUSIONS 

In this work, a two-step statistical approach was used to optimize the growth performance of Pavlova 

gyrans. Plackett-Burman design assessed the effect of seventeen abiotic factors and allowed identifying 

the independent variables light intensity, NaNO3, and CuSO4.5H2O as the most significant abiotic factors 

(p < 0.10) in the biomass productivity of the microalgae, the value of which ranged from 0.072 to 0.256 

g.L-1.d-1. NaNO3 and light intensity were positively correlated with the biomass productivity, whereas copper 

showed a negative impact. These variables, along with NaH2PO4.H2O (positive effect), were further used 

in a rotatable central composite design to optimize the maximum biomass produced and the responses 

obtained were applied to fit mathematical models to predict the dependent variables Xmax, total lipids, 

protein content, and the relative abundance of EPA and DHA. The biomass productivity and the maximum 

biomass concentration achieved ranged from 0.165 to 0.262 g AFDW.L.-1d-1, and from 1.30 to 2.34 g 

AFDW.L.-1, respectively. The models generated allowed understanding the impact of the independent 

variables and their interactions in growth performance of P. gyrans and its biochemical composition. 

Compared to control conditions (Walne’s medium), the maximum biomass produced increased 3.8-fold 

under the optimal growth conditions, with a significant improvement in biochemical composition (p < 

0.05), namely increasing the protein content (30.76 % w.w-1) and the levels of PUFA (47.11 % TFA), n-3 

fatty acids (38.27 % TFA), and the DHA (10.33 % TFA). EPA level was also increased to 20.69 % TFA (p 

> 0.05). Due to this fatty acids’ composition, P. gyrans grown under the defined optimal conditions 

presented very interesting nutritional indices, which indicate this strain as a promising potential source of 

healthy lipids for the human diet. 
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4.1 INTRODUCTION 

Carotenoids are the pigments responsible for the yellow, orange, and red colors in nature, such those 

presented by microalgae, bacteria, and plants [1], with over 1110 natural carotenoids identified in 683 

organisms [2]. They are characterized by their lipophilic nature and a 40 carbon atoms structure 

composed of isoprene units [3]. According to their chemical composition, carotenoids can be classified 

as xanthophylls or carotenes, depending on if they present an oxygenic functional group attached or are 

solely composed of hydrocarbons, respectively [1].  

Carotenoids have been highlighted as high-added value products due to their biological activity and 

coloring properties, which make them of great interest for biotechnological and industrial applications [4]. 

Several biological functions in human health have been described for this class of pigments, including 

antioxidant and anticancer activity, provitamin A, prevention of heart disease, visual and cognitive 

development in children, improvement of the immune system, and benefits in weight control and obesity 

[5]. Most of these functions are associated with the antioxidant properties of carotenoids due to their 

ability to quench singlet oxygen and reactive oxygen species, which is strongly dependent of the pigments’ 

chemical composition. Singlet oxygen quenching is linked to a higher number of conjugated double bonds 

in molecular structure, being at least 9 double bonds needed to exert protective effects against 

photosensitization [6]. Furthermore, the functional group and chain structure of carotenoids may also 

affect their oxygen quenching ability [7].  

Humans are not able to naturally synthesize carotenoids and their needs are only met through proper 

nutrition. Thus, considering their biological relevance along with the consumers’ awareness for a healthy 

lifestyle, there has been an increasing demand for carotenoids in recent decades, estimating a compound 

annual growth rate of 5.7 % and a potential global market value of 2.7 billion US$ by 2027 [8]. Cheaper 

production of chemically synthetized colorants makes them attractive, however, they represent a high 

environmental impact and health concerns raised when used as ingredient for human consumption [9]. 

Furthermore, synthetic carotenoids are not a viable option, since they have significantly lower bioactivity 

compared to the natural carotenoids. According to Capelli et al. [10], the natural astaxanthin from 

Haematococcus pluvialis presented an oxygen quenching and a free radical elimination 50x and 20x 

stronger, respectively, against its synthetic form.  

Driven by the increased consumers demand for products labelled as natural and produced through 

sustainable processes, several alternative sources have been proposed [11]. Among them, microalgae 

are presented as one of the most promising. These microorganisms are widespread in aquatic and even 
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in terrestrial habitats (lichens) and are known for their high photosynthetic activity, fast growth, and 

metabolic plasticity. They possess a rich composition, which can include several bioactive pigments, 

polyunsaturated fatty acids and/or high protein content [12–14]. Several species have been commercially 

explored as producers of carotenoids, being the most well-known examples Haematococcus pluvialis and 

Dunaliella salina, which can produce 6% and 10% of their dry weight (DW) as astaxanthin and βCar, 

respectively [15,16].  

Nevertheless, the differentiated properties of natural carotenoids, along with challenging implementation 

of microalgae production at industrial scale, contributed to their increasing market value, which can reach 

1500 US$.kg-1 for βCar or even 42000 US$.kg-1 for Fx [17]. Thus, to improve the cost-effectiveness of the 

process several research studies have been developed with the aim of identifying new microalgae species 

enriched in carotenoid, assessing growth conditions to improve biomass production, as well as developing 

strategies to increase the accumulation of carotenoids [13,18–27].  

Microalgae species from the Pavlovophyeceae class have been commonly used over the last decades as 

feed product for fish, crustaceans, and bivalves [28,29]. Constituted by thirteen species, this class of 

haptophytes is widely distributed in coastal, brackish waters and, at a lesser extent, in freshwater [30]. 

Over the past years, these microalgae have been seen as a promising source of bioactive compounds for 

industries other than aquaculture, such as food and pharmaceutical industries or even wastewater 

management [31–35]. Firstly, the commercial interest of Pavlovophyeceae species relied on their ability 

to produce large lipids contents enriched with the high valuable eicosapentaenoic acid (EPA) and 

docosahexaenoic acid (DHA), which can account for 3.49 and 2.01 mg g−1 of its DW, respectively [36]. 

However, these microalgae also present an interesting composition of sterols, essential amino acids, 

higher digestibility due to the absence of cell wall and a valuable carotenoids profile composed of 

diadinoxanthin (Ddx), diatoxanthin (Dtx), βCar and, mostly, Fx (51-68% of total carotenoids) [34,36–38]. 

As previously mentioned, carotenoids – and particularly Fx – have been highlighted and highly demanded 

due to its potential anti-obesity, anti-cancer, and anti-diabetic effect [39–41]. 

Regarding the effect of growth conditions, Seoane et al. [42] described a negative impact of the increasing 

light intensity on fucoxanthin:chlorophyll a ratio of Pavlova gyrans. Similar approach was performed with 

Diacronema lutheri, where the combined effect of temperature and illumination was evaluated [43]. In a 

screening study involving Pavlova strains with further optimization of growth conditions, Pavlova sp. OPMS 

30543 was grown in outdoor conditions producing 4.88 mg.L-1.day-1 of Fx [44]. In addition, the low 

phosphorus [45] and high nitrogen [46] levels was found to promote the carotenoid accumulation in 
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Pavlova pinguis, reaching 4.32 and 2.91 mg g−1 DW, respectively. Under non-optimized conditions Tibbetts 

et al. [47] stated that Fx content of the Pavlova sp. CCMP strain 459 was 0.36 g/100 g of its dry weight, 

whereas in a food grade Diacronema lutheri extract it represented 26 % of the total pigments [32].  

The present study aims to optimize the carotenoids accumulation of the microalga Pavlova gyrans through 

a multivariate approach. To the authors' knowledge, and unlike other haptophytes and diatoms, few 

studies were found related to the optimization of their growth conditions to maximize the carotenoids 

content, despite the potential of Pavlovophyeceae species as carotenoid sources. Seventeen abiotic 

factors were tested and their effects calculated in order to identify the most significant variables on the 

TCar, Fx and βCar. Additionally, other pigments such as Dtx and Ddx, as well chlorophylls, were analyzed 

presenting complementary information regarding Pavlova gyrans’ potential for pigments and bioactive 

compounds production. Considering the calculated effects, several growth conditions were formulated 

and validated against the control conditions. Moreover, the most significant abiotic factors were also 

validated against the optimum growth conditions for biomass production of P. gyrans, which were 

determined in CHAPTER 3. 

4.2 MATERIALS AND METHODS 

4.2.1 Microalga and inoculum preparation  

The non-axenic microalga strain Pavlova gyrans (RCC1553) was obtained from the Roscoff Culture 

Collection (Roscoff, France). It was maintained in Walne’s medium (500 mg.L-1 NaNO3), at Level 0 (Table 

4-1), under salinity of 30 psu. The inoculum was up-scaled to 2 L flat bottom flask, in which was bubbled 

with a mixture of air and CO2 (8 mL.min-1 – Alicat Scientific, USA) to keep the pH value in the range of 8.0 

± 0.5. The cultures were grown at room temperature and irradiated with 100 µmol photons m-2 s-1 over 

24 h. 

4.2.2 Screening of the abiotic factors for carotenoids production by P. gyrans using a 

Plackett-Burman design 

The experimental design adopted to assess the impact of abiotic factors over P. gyrans carotenoids 

composition is described in Table 4-1. Each abiotic factor was evaluated at three different levels: -1, 0, 

and 1. The corresponding combinations of the growth conditions are presented in Table 4-2. Briefly, 

seventeen abiotic factors were assessed through a Plackett-Burman design (PB), composed of 24 

individual combinations and 4 central points (assays 25-28), totaling 28 assays [48]. All independent 
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variables were set at Level 0 in the central points, which allowed evaluating the repeatability of the 

carotenoids’ composition of P. gyrans. The experiments were carried out in 1 L bubble column reactors 

(6.5 cm diameter and 43 cm high) at room temperature and continuously illuminated and aerated with 

filtered air (0.2 µm).  

Table 4-1: the seventeen abiotic factors, and respective levels, assessed in the carotenoids composition of P. gyrans through the Plackett-
Burman experimental design 

Abiotic factor  
Level  

-1 0 1 

x1 Inoculum size (AFDW g.L-1) 0.1 0.2 0.3 

x2 Salinity (psu) 20 30 40 

x3 Light intensity (µmol.photons.m-2.s-1) 150 450 750 

x4 Air flow (mL.min-1) 600 800 1000 

x5 NaNO3 (mg.L-1) 250 500 750 

x6 NaH2PO4.H2O (mg.L-1) 10 20 30 

x7 Na2H2EDTA.2H2O (mg.L-1) 22.5 45 67.5 

x8 H3BO3 (mg.L-1) 16.8 33.6 50.4 

x9 FeCl3.6H2O (mg.L-1) 0.65 1.3 1.95 

x10 MnCl2.4H2O (µg.L-1) 180 360 540 

x11 NaHCO3 (mg.L-1) 170 652 1134 

x12 ZnCl2 (µg.L-1) 10.25 21 31.75 

x13 CoCl2.6H2O (µg.L-1) 10 20 30 

x14 (NH4)6Mo7O24.4H2O (µg.L-1) 4.5 9 13.5 

x15 CuSO4.5H2O (µg.L-1) 10 20 30 

x16 Thiamin (µg.L-1) 50 100 150 

x17 Cyanocobalamin (µg.L-1) 2.5 5 7.5 

Microalgal growth was monitored by optical density (750 nm) every 2 days, being this value subsequently 

converted to ash-free dry weight (AFDW) using the following calibration curve: AFDW(g.L−1) =

0.8991 × OD750+0.0054, R2 =0.99. The pH was monitored and maintained to 8.0 ± 0.5 (Hanna HI 

2210, Padova, Italy) by continuous injection of CO2 (6 mL.min.-1). The experiments were stopped once the 

stationary growth phase was attained and the cultures were centrifuged at 4000 rpm for 20 min 

(Centurion Pro-Analytical CR7000, Chichester, United Kingdom). The pellets were recovered and stored 

at -20 ºC, and further at -80 ºC for lyophilization.  

4.2.3 Validation test  

The calculated effects and corresponding statistical significance of the PB design enabled the 

identification of the most relevant growth conditions for each carotenoid assessed and the sum of all 

carotenoids (mg.g-1) in P. gyrans. That information was used to define tailored growth conditions for the 

carotenoid of interest, in which the carotenoids’ yields were evaluated and validated in two different sets 
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of experiments (V1 and V2). The full composition of the growth conditions used in both sets of experiments 

is described in Table 4-3. The first set (V1) aimed at validating the optimum conditions defined in PB 

design for the dependent variables Fx, TCar, and βCar, against the control conditions (Con - Walne’s 

medium). For practical reasons, the variables inoculum size (x1), light intensity (x3), and air flow (x4) in the 

control assay were the same of the remaining experiments. The non-significant abiotic factors (p > 0.10) 

for Fx, βCar and TCar were set at Level -1. 

Table 4-2: coded values of each independent variable used in the twenty-eight experiments, #E, performed in the Plackett-Burman design 

 Independent variable (x)  

#E 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

1 1 -1 -1 -1 -1 1 -1 1 -1 -1 1 1 -1 -1 1 1 -1 

2 1 1 -1 -1 -1 -1 1 -1 1 -1 -1 1 1 -1 -1 1 1 
3 1 1 1 -1 -1 -1 -1 1 -1 1 -1 -1 1 1 -1 -1 1 

4 1 1 1 1 -1 -1 -1 -1 1 -1 1 -1 -1 1 1 -1 -1 
5 1 1 1 1 1 -1 -1 -1 -1 1 -1 1 -1 -1 1 1 -1 

6 -1 1 1 1 1 1 -1 -1 -1 -1 1 -1 1 -1 -1 1 1 
7 1 -1 1 1 1 1 1 -1 -1 -1 -1 1 -1 1 -1 -1 1 

8 -1 1 -1 1 1 1 1 1 -1 -1 -1 -1 1 -1 1 -1 -1 

9 1 -1 1 -1 1 1 1 1 1 -1 -1 -1 -1 1 -1 1 -1 

10 1 1 -1 1 -1 1 1 1 1 1 -1 -1 -1 -1 1 -1 1 

11 -1 1 1 -1 1 -1 1 1 1 1 1 -1 -1 -1 -1 1 -1 

12 -1 -1 1 1 -1 1 -1 1 1 1 1 1 -1 -1 -1 -1 1 
13 1 -1 -1 1 1 -1 1 -1 1 1 1 1 1 -1 -1 -1 -1 

14 1 1 -1 -1 1 1 -1 1 -1 1 1 1 1 1 -1 -1 -1 

15 -1 1 1 -1 -1 1 1 -1 1 -1 1 1 1 1 1 -1 -1 

16 -1 -1 1 1 -1 -1 1 1 -1 1 -1 1 1 1 1 1 -1 

17 1 -1 -1 1 1 -1 -1 1 1 -1 1 -1 1 1 1 1 1 

18 -1 1 -1 -1 1 1 -1 -1 1 1 -1 1 -1 1 1 1 1 
19 1 -1 1 -1 -1 1 1 -1 -1 1 1 -1 1 -1 1 1 1 

20 -1 1 -1 1 -1 -1 1 1 -1 -1 1 1 -1 1 -1 1 1 

21 -1 -1 1 -1 1 -1 -1 1 1 -1 -1 1 1 -1 1 -1 1 
22 -1 -1 -1 1 -1 1 -1 -1 1 1 -1 -1 1 1 -1 1 -1 
23 -1 -1 -1 -1 1 -1 1 -1 -1 1 1 -1 -1 1 1 -1 1 

24 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 

25 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

26 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
28 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

 

The second set of validation experiments (V2) was devised to understand if the variables identified as 

being the most significant in the PB design could trigger the accumulation of carotenoids in P. gyrans 

when cultured under the optimum growth conditions (Opt) for biomass production, as described in 
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CHAPTER 3. Briefly, Opt (Table 4-3) presents the optimal values for the abiotic factors: light intensity (x3), 

NaNO3 (x5), NaH2PO4.H20 (x6), and CuSO4.5H2O (x15).  

Regarding the non-significant independent variables identified in the PB matrix for biomass production, 

inoculum size (x1), airflow (x4), and NaHCO3 concentration (x11) were set at Level -1, while the remaining 

abiotic factors were set at Level 0. In addition to the assay Opt, that was used as control, this formulation 

was modified to promote the accumulation of all carotenoids (TCar), and fucoxanthin (Fx1ph and Fx2ph) 

Table 4-3. Regarding Fx, two different strategies were applied. In the assay Fx1ph, the whole growth of P. 

gyrans was performed under the same light intensity (150 µmol.photons.m-2.s-1).  

Table 4-3: Levels of the abiotic factors used in the validation experiments. In V1, Walne's medium (control - Con) was compared to the 
maximized conditions for accumulation of fucoxanthin (Fx), β-carotene (βCar), and the sum of all carotenoids analyzed (TCar). The set V2 

validated the maximized conditions for TCar and fucoxanthin accumulation using the optimized growth conditions for P. gyrans’ biomass 
production (Opt). Two strategies for fucoxanthin production were evaluated: 150 µmol.photons.m-2.s-1 during the entire growth (Fx1ph) and 
a two-phase growth (Fx2ph) using 700 µmol.photons.m-2.s-1 in the first 8 days and 150 µmol.photons.m-2.s-1 in the last 2 days (stationary 
phase). Bold numbers represent the most significant variables and their values according to the calculated effects in Plackett-Burman. 
Underlined numbers represent the optimum growth conditions achieved for the maximal biomass production of P. gyrans  

 V1 V2 
 Con Fx βCar TCar Opt Fx1ph Fx2ph TCar 

Inoculum size (AFDW g.L-1) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
Salinity (psu) 30 20 20 20 30 30 30 20 
Light intensity 

(µmol.photons.m-2.s-1) 
150 150 150 150 700 150 

700/ 
150 

150 

Air flow (mL.min-1) 600 600 600 600 600 600 600 600 
NaNO3 (mg.L-1) 100 750 750 750 1500 1500 1500 1500 

NaH2PO4.H2O (mg.L-1) 20 10 10 10 40 40 40 40 
Na2H2EDTA.2H2O (mg.L-1) 45 22.5 22.5 22.5 45 45 45 45 

H3BO3 (mg.L-1) 33.6 16.8 16.8 16.8 33.6 33.6 33.6 33.6 
FeCl3.6H2O (mg.L-1) 1.3 0.65 1.95 1.95 1.3 1.3 1.3 1.95 
MnCl2.4H2O (µg.L-1) 360 180 180 180 360 360 360 360 

NaHCO3 (mg.L-1) - 170 170 170 170 170 170 170 
ZnCl2 (µg.L-1) 21 10.25 10.25 10.25 21 21 21 21 

CoCl2.6H2O (µg.L-1) 20 10 10 30 20 20 20 30 
(NH4)6Mo7O24.4H2O (µg.L-1) 9 4.5 4.5 4.5 9 9 9 9 

CuSO4.5H2O (µg.L-1) 20 10 10 10 6 6 6 6 
Thiamin (µg.L-1) 100 50 50 50 100 100 100 100 

Cyanocobalamin (µg.L-1) 5 2.5 2.5 2.5 5 5 5 5 
 

On the other hand, and according to the light intensity used, the growth in the Fx2ph experiment was 

divided into two phases. First, P. gyrans was grown at the optimal light intensity for biomass production 

(700 µmol.photons.m-2.s-1) until the end of the exponential growth phase; in the second phase, lasting 2 

days, the light intensity was reduced to 150 µmol.photons.m-2.s-1 to increase the Fx content of P. gyrans. 

Since NaNO3 showed a positive effect on Fx and TCar, and the concentration defined in the maximized 
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growth conditions for biomass production was higher than those set in the PB design, the second 

validation experiments were supplemented with 1500 mg.L-1 of NaNO3. All experiments were performed 

in triplicate.  

4.2.4 Biomass characterization  

4.2.4.1 Pigment extraction, identification, and quantification by HPLC-DAD 

Pigment analysis was conducted as described by Sanz et al. [49] with some modifications. Carotenoids 

were extracted from 10 mg of freeze-dried biomass in a screw cap glass tube with 3 mL of cold extraction 

solution (90 % acetone, 0.1 % BHT). Tubes were kept in ice and protected from light during all steps. 

Samples were left extracting for 15 min to allow acetone penetrating in microalgae structures, then they 

were vortexed for 30 s followed by 5 min in an ultrasonic bath. Extracts were centrifuged for 15 min at 

2000 rpm (Hettich Mikro 120, Tuttlingen, Germany) and the supernatant was collected. The pellet was 

re-extracted until it was colorless. From the total extract, 1 mL was syringe filtered (0.22 µm nylon) to an 

amber vial, and received 0.3 mL of ultra-pure H2O to avoid incompatibility of solvents in the HPLC-DAD 

[50].  

The extracts were analyzed in a Shimadzu Nexera X2 system equipped with a 30AD liquid chromatograph, 

a SIL-30AC autosampler, a CTO-20AC column oven, a SPD-M20A diode array detector, and a CBM-20A 

Communication Bus Module. The pigments separation was performed through an ACE C18 PFP column 

150 mm x 4.6 mm, 3 µm particle size (Advanced Chromatography Technologies, Aberdeen, Scotland) at 

40 ºC. The mobile phase was a mixture of methanol:225 mM ammonium acetate (82:18, v:v) as eluent 

A and ethanol as eluent B. The gradient followed the indications of Sanz et al. [49] with some 

modifications: 96%:4% eluent A:eluent B (0-16 min), 62%:38% eluent A:eluent B (16-22 min), 62%:38% 

eluent A:eluent B (22-28 min), 28%:72% eluent A:eluent B (28-35 min), 20%:80% eluent A:eluent B (35-

45 min), 20%:80% eluent A:eluent B (45-50 min) and 96%:4% eluent A:eluent B (50-55 min). The flow 

rate was 1 mL.min-1, the run duration 55 min, and the injection volume 20 µL. All reagents used in 

pigment extraction and chromatography analysis were HPLC grade. Identification of the extracted 

pigments was accomplished by comparison of the retention times and absorption spectra with 

commercial standards. Standards for chlorophyll a, chlorophyll c1, chlorophyll c2, fucoxanthin, all-trans-β-

carotene, diadinoxanthin, and diatoxanthin were obtained from DHI (Hørsholm, Denmark). The 

identification of α-carotene (αCar) was done only by absorption spectra and retention time. All analysis 

were performed in triplicate. 
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4.2.4.2 Biomass and carotenoids productivity of P. gyrans 

Volumetric productivity of the carotenoids (PC) and the biomass (PX) produced by P. gyrans was calculated 

using the following equations:  

𝑃𝐶(mg. L−1. d−1) =
𝐶𝑖  × (𝑋𝑡𝑓 − 𝑋𝑡0)

𝑡𝑓
 

𝑃𝑋 (g. L−1. d−1) =
𝑋𝑡𝑓  −  𝑋0 

𝑡𝑡 
 

where Ci is the carotenoid content, mg.g-1, and X is the ash-free dry weight, g.L-1, of the sampling time, 

days, at the end (tf) and the beginning (t0) of P. gyrans growth.  

4.2.5 Statistical analysis  

The abiotic factors defined in the PB design as the most significant in the carotenoids production of P. 

gyrans were identified using a 90 % confidence level (p < 0.10), in order to avoid excluding any important 

independent variable. The statistical analysis was performed with the online software Protimiza 

Experimental Design (http://experimental-design.protimiza.com.br/). The validation tests were evaluated 

for differences between means using one-way ANOVA followed by Tukey’s multiple comparison test at 95 

% confidence level (GraphPad Prism version 8.0.2). 

4.3 RESULTS AND DISCUSSION  

4.3.1 Plackett-Burman design  

As referred in CHAPTER 3, the biomass productivity of P. gyrans through the Plackett-Burman design 

ranged from 0.072 g.L-1.d-1 (#24) to 0.256 g.L-1.d-1 (#6). The statistical evaluation pointed out the significant 

effects (p < 0.10) of light intensity, sodium nitrate and copper in the growth performance of P. gyrans.   

Regarding the pigments composition of P. gyrans, the chromatogram achieved during the preliminary 

tests (Figure 4-1), overall, allowed to confirm the pigment profile commonly described for this species 

and other Pavlovophyceae species [37,38,51]. Eight pigments were identified: three chlorophylls and five 

carotenoids. Despite the identification of chlorophylls a, c1 and c2, they were not quantified because the 

goal of this work was to study the ability of P. gyrans to accumulate carotenoid pigments, reason why 

statistics and discussion are focused on carotenoids. Among the carotenoids, it was possible to identify 

fucoxanthin (Fx), diadinoxanthin (Ddx), diatoxanthin (Dtx), β-carotene (βCar) and α-carotene (αCar), 

http://experimental-design.protimiza.com.br/
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which match to the carotenoid composition described in other strains of P. gyrans [51]. As stated by 

Lenning et al. and Bendif et al. [30,38] the pigment signatures are a valuable tool in the phylogenetic 

analysis. According to their pigment composition, the Pavlovophyceae species was grouped in three 

different clades, which share the same composition: chlorophyll a, c1, c2, Mg-divinyl protochlorophyllide, 

Fx, Ddx, Dtx and βCar. P. gyrans belongs to the strains with pigment type B, along with P. pinguis and P. 

granifera, which presented as distinguishable feature two unknown pigments: Unk-1 (Ddx-like carotenoid) 

and chl cPAV (divinyl form of chl c) [30,38] which were not quantified in the present study. 

According to their role on microalgae, these pigments can be classified as primary pigments – if they are 

part of the light-harvesting complexes, located in thylakoid membranes, and are involved in light capture 

and photosynthetic activity [52] – or secondary pigments – those with a photoprotective role, whose 

production is triggered under stressful growth conditions. Among the pigments present in P. gyrans, 

chlorophylls a, c1, and c2, as well as Fx, have photosynthetic activity, while Ddx, Dtx, and βCar act as a 

photoprotective agents [43].  

The influence of the twenty-eight abiotic factor combinations tested on the carotenoids’ composition of P. 

gyrans is present in Table 4-4. Fx content ranged from 3.409 mg.g-1 DW in assay #13 to 0.401 mg.g-1 DW 

in assay #3. The extreme values for Ddx were obtained in the assays #13 and #3 with 1.068 and 0.113 

mg.g-1 DW, respectively, whereas the Dtx content varied from 0.091 (#4) to 1.678 mg.g-1 DW (#17). 

Regarding the carotene production, the highest values of βCar and αCar were 0.491 (#11) and 0.545 

mg.g-1 DW (#9) while the lowest were 0.151 (#27) and 0.114 mg.g-1 DW (#18). Finally, and summing all 

the carotenoids previously mentioned, the total carotenoids content ranged from 6.743 (#13) to 1.017 

mg.g-1 DW (#4). The wide variation achieved for each carotenoid, as well as its total content, represents 

well the key role of the growth conditions and nutrient availability in microalgae metabolism, which in this 

case had as main outcome a diversified carotenoids’ composition.  

Figure 4-1: typical chromatogram of P. gyrans pigments: a) chlorophyll c2 (RT: 9.02 min, λmax: 447, 584, 633 nm); b) chlorophyll c1 (RT: 9.35 

min, λmax: 441, 580, 633 nm); c) fucoxanthin (RT: 11.22 min, λmax: 453 nm); d) diadinoxanthin (RT: 15.01 min, λmax: 446, 475 nm); e) 

diatoxanthin (RT: 17.09 min, λmax: 451, 479 nm); f) chlorophyll a (RT: 32.75 min, λmax: 432, 618, 664 nm); g) α-carotene (RT: 35.97 min, 

λmax: 448, 471 nm); h) β-carotene (RT: 36.45 min, λmax: 452, 477 nm) 



Maciel, F. (2022) 

124 
 

Data from Table 4-4 were used to calculate the effect of each independent variable (abiotic factor) on the 

accumulation of each carotenoid (dependent variable) using a statistical significance lower than 10% to 

identify the most significant independent factors (Table 4-5). Fx production by P. gyrans was promoted 

by decreasing light intensity (p < 0.001) and increasing NaNO3 (p = 0.006), which means that these 

variables had a negative and positive effect on this carotenoid, respectively. These variables also had a 

similar impact on Ddx content, together with salinity, whose lower values increased the accumulation of 

Ddx (p = 0.031). Results showed that βCar was positively correlated with higher supplementation of 

NaNO3 (p = 0.046) and FeCl3.6H2O (p = 0.062), whereas for αCar none of the independent variables was 

statistically significant within the tested ranges (p > 0.10). Dtx was identified as the carotenoid with the 

highest number of significant variables (7), namely, NaHCO3 (p = 0.005), NaNO3 (p = 0.015), CoCl2.6H2O 

(p = 0.033), and inoculum size (p = 0.043) had a calculated positive effect. On the other hand, the 

increase of light intensity (p < 0.001), salinity (p = 0.007), and NaH2PO4.H2O (p = 0.028) presented a 

negative impact in the production of Dtx. Concerning the sum of all carotenoids of P. gyrans, three abiotic 

factors with statistical importance were identified: light intensity (p < 0.001), NaNO3 (p = 0.001), and 

FeCl3.6H2O (p = 0.038). As already mentioned for individual carotenoids, nitrogen and copper 

concentrations in the medium were positively correlated with total carotenoids content, in contrast to the 

light intensity. 

In order to avoid excluding any important variable, the nutrient CoCl2.6H2O and the salinity level of the 

medium were also considered significant variables, given the closeness of their p-values (p = 0.103 – 

0.104) to the statistical significance threshold adopted. Among the dependent variables assessed, only 

Fx, Dtx, and TCar presented a significant curvature (p < 0.10), meaning that the optimal value for these 

carotenoids was reached within the range of abiotic factors tested.  

Overall, the abiotic factors here identified with a marked effect on the carotenoid composition of P. gyrans 

are in accordance with described in literature, and their effects are discussed below. 
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Table 4-4: carotenoids composition, mg.g-1, of P. gyrans produced in the Plackett-Burman design  

#E Fucoxanthin Diatoxanthin Diadinoxanthin β-carotene α-carotene Total carotenoids 

1 1.670 ± 0.047 0.707 ± 0.014 0.427 ± 0.005 0.342 ± 0.005 0.413 ± 0.008 3.587 ± 0.052 
2 1.942 ± 0.008 0.620 ± 0.002 0.341 ± 0.003 0.257 ± 0.002 0.265 ± 0.002 3.426 ± 0.018 
3 0.401 ± 0.002 0.093 ± 0.000 0.113 ± 0.000 0.277 ± 0.001 0.242 ± 0.060 1.127 ± 0.003 
4 0.444 ± 0.000 0.091 ± 0.000 0.113 ± 0.000 0.231 ± 0.002 0.137 ± 0.002 1.017 ± 0.004 
5 0.933 ± 0.007 0.183 ± 0.002 0.184 ± 0.001 0.387 ± 0.001 0.421 ± 0.001 2.107 ± 0.011 
6 1.417 ± 0.024 0.190 ± 0.001 0.282 ± 0.014 0.285 ± 0.015 0.342 ± 0.019 2.517 ± 0.023 
7 0.570 ± 0.008 0.200 ± 0.001 0.194 ± 0.001 0.278 ± 0.013 0.193 ± 0.008 1.437 ± 0.023 
8 2.161 ± 0.017 0.334 ± 0.003 0.554 ± 0.007 0.174 ± 0.009 0.245 ± 0.011 3.468 ± 0.045 
9 0.765 ± 0.002 0.257 ± 0.001 0.410 ± 0.003 0.482 ± 0.003 0.545 ± 0.004 2.460 ± 0.013 

10 1.118 ± 0.011 0.331 ± 0.006 0.207 ± 0.006 0.289 ± 0.007 0.338 ± 0.008 2.282 ± 0.035 
11 0.846 ± 0.013 0.184 ± 0.003 0.167 ± 0.051 0.491 ± 0.009 0.461 ± 0.005 2.149 ± 0.027 
12 0.482 ± 0.002 0.323 ± 0.001 0.247 ± 0.001 0.225 ± 0.008 0.194 ± 0.008 1.471 ± 0.016 
13 3.409 ± 0.068 1.474 ± 0.017 1.068 ± 0.005 0.396 ± 0.002 0.395 ± 0.003 6.743 ± 0.078 
14 1.896 ± 0.035 0.798 ± 0.009 0.393 ± 0.015 0.210 ± 0.007 0.221 ± 0.008 3.518 ± 0.022 
15 0.469 ± 0.004 0.258 ± 0.003 0.183 ± 0.001 0.244 ± 0.004 0.230 ± 0.004 1.385 ± 0.014 
16 0.421 ± 0.10 0.415 ± 0.011 0.237 ± 0.007 0.191 ± 0.002 0.191 ± 0.002 1.454 ± 0.023 
17 3.290 ± 0.015 1.678 ± 0.008 0.991 ± 0.007 0.312 ± 0.003 0.286 ± 0.003 6.557 ± 0.036 
18 3.351 ± 0.024 0.476 ± 0.003 0.767 ± 0.005 0.206 ± 0.003 0.114 ± 0.001 4.915 ± 0.036 
19 0.467 ± 0.033 0.134 ± 0.010 0.154 ± 0.009 0.250 ± 0.020 0.173 ± 0.014 1.178 ± 0.086 
20 1.850 ± 0.024 0.488 ± 0.007 0.375 ± 0.006 0.195 ± 0.005 0.213 ± 0.007 3.121 ± 0.044 
21 0.799 ± 0.006 0.242 ± 0.002 0.322 ± 0.002 0.463 ± 0.004 0.642 ± 0.005 2.468± 0.013 
22 1.651 ± 0.167 0.401 ± 0.049 0.600 ± 0.074 0.285 ± 0.046 0.352 ± 0.056 3.290 ± 0.363 
23 1.599 ± 0.213 0.836 ± 0.127 0.526 ± 0.072 0.233 ± 0.041 0.322 ± 0.048 3.515 ± 0.499 
24 1.656 ± 0.005 0.375 ± 0.001 0.526 ± 0.002 0.189 ± 0.002 0.228 ± 0.002 2.975 ± 0.007 
25 0.837 ± 0.020 0.122 ± 0.002 0.443 ± 0.004 0.292 ± 0.001 0.332 ± 0.010 2.025 ± 0.025 
26 0.762 ± 0.004 0.218 ± 0.001 0.326 ± 0.001 0.180 ± 0.012 0.207 ± 0.014 1.693 ± 0.019 
27 0.695 ± 0.011 0.237 ± 0.004 0.278 ± 0.004 0.151 ± 0.008 0.182 ± 0.006 1.543 ± 0.032 
28 0.957 ± 0.073 0.186 ± 0.016 0.182 ± 0.014 0.324 ± 0.045 0.387 ± 0.052 2.037 ± 0.200 
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4.3.1.1 Light intensity 

Light plays a crucial role in photosynthetic organisms, providing the energy needed for the carbon fixation 

that will be metabolized for further biocompounds synthesis and cell growth. Microalgae present a variety 

of pigments whose intracellular concentrations vary according to external illumination to optimize the 

photosynthetic capacity. Chlorophylls and fucoxanthin maximize light harvesting in different 

environments/ranges of wavelengths, whereas the other carotenoids are protective agents when the light 

absorption exceeds the microalgae needs, avoiding photodamage and photoinhibition [53]. Similarly to 

the results here reported for P. gyrans, increasing light intensity in nitrogen-stressed cells of D. lutheri 

contributed to a sharp decrease (> 50 %) in total carotenoids content [43]. These authors argued that, at 

higher light intensities, the N-starvation condition triggered the accumulation of Ddx and Dtx, mainly at 

the expense of βCar. Similarly, P. gyrans grown under three different illumination levels (60, 110, 350 

μmol photons m-2 s-1) achieved the lowest fucoxanthin/chlorophyll a ratio and greater growth rates with 

increasing light intensity. Higher light intensity led to an overall decrease in pigment content, both in 

photosynthetic and photoprotective pigments [42]. The haptophyte Tisochrysis lutea and the diatoms 

Phaeodactylum tricornutum and Odontella aurita also improved their Fx content at lower irradiances 

[54,55]. As reported for the haptophyte Emiliania huxleyi, the photoacclimation process has as the main 

goal to optimize photosynthesis efficiency by changing the composition of the light harvesting complex 

(LHC). At low light intensity, this is reached by increasing the amounts of photosynthetic pigments and 

proteins LHCF [56]. LHC of P. gyrans is composed by a Fx-Chl a/c-protein complex [52], which explains 

the negative effect of the light intensity over the pigments composition here reported.  

4.3.1.2 Nitrogen 

Regarding the NaNO3, a comparable trend was described for the Fx content of Pavlova OPMS 30543, 

whose value increased in culture medium supplemented with higher levels of nitrate [44].  Such trend 

was also stated in other microalgae genus like Nitzschia [57], Phaeodactylum [55] and Odontella [58]. 

Likewise, the total carotenoids content of P. pinguis had a substantial increase (58 times) when the 

nitrogen supplementation changed from 140 μmol.L-1 to 1752 μmol.L-1 NaNO3 [46]. There is some 

structural resemblance between P. gyrans and P. tricornutum, specially regarding the light-harvesting 

complexes [52]. Longworth et al. [59] verified that nitrogen-stressed P. tricornutum cells showed a 

significant reduction in the photosynthetic pathway due to the lower abundance of enzymes responsible 

for carbon fixation, as well less presence of proteins and pigments in the photosynthetic apparatus.
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Table 4-5: calculated effects for each carotenoid, mg.g-1, of P. gyrans from the Plackett-Burman experimental design. Bold numbers represent the abiotic factors with p-values considered statistically significant (p < 
0.10) 

 Fucoxanthin Diatoxanthin Diadinoxanthin β-carotene α-carotene 
Total 

Carotenoids 

 Effect p-value Effect p-value Effect p-value Effect p-value Effect p-value Effect p-value 

Mean 1.402 0.000 0.462 0.000 0.391 0.000 0.287 0.000 0.299 0.000 2.840 0.000 

Curvature -1.177 0.052 -0.543 0.020 -0.167 0.365 -0.101 0.291 -0.043 0.784 -2.032 0.023 

Inoculum size 0.020 0.923 0.170 0.043 -0.016 0.816 0.044 0.226 0.008 0.894 0.226 0.441 

Salinity 0.002 0.993 -0.250 0.007 -0.169 0.031 -0.033 0.352 -0.059 0.335 -0.509 0.103 

Light intensity -1.467 0.000 -0.496 0.000 -0.347 0.001 0.060 0.113 0.032 0.598 -2.219 0.000 

Air flow 0.155 0.457 0.094 0.227 0.060 0.387 -0.033 0.357 -0.046 0.450 0.230 0.433 

NaNO3 0.703 0.006 0.218 0.015 0.195 0.017 0.079 0.046 0.101 0.114 1.295 0.001 

NaH2PO4.H2O -0.128 0.534 -0.189 0.028 -0.045 0.511 -0.029 0.410 -0.037 0.538 -0.429 0.160 

Na2H2EDTA.2H2O -0.200 0.341 -0.002 0.977 -0.046 0.508 0.006 0.871 -0.002 0.974 -0.244 0.406 

H3BO3 -0.182 0.385 0.051 0.501 -0.041 0.550 0.034 0.341 0.068 0.267 -0.070 0.808 

FeCl3.6H2O 0.291 0.177 0.132 0.102 0.121 0.101 0.072 0.062 0.063 0.304 0.680 0.038 

MnCl2.4H2O -0.041 0.842 0.017 0.816 -0.005 0.945 -0.001 0.977 -0.026 0.658 -0.056 0.846 

NaHCO3 0.175 0.402 0.269 0.005 0.039 0.569 -0.005 0.879 -0.032 0.590 0.446 0.146 

ZnCl2 0.167 0.422 0.107 0.175 0.008 0.908 -0.009 0.804 -0.015 0.800 0.258 0.381 

CoCl2.6H2O 0.251 0.239 0.182 0.033 0.091 0.202 -0.017 0.629 0.001 0.992 0.508 0.104 

(NH4)6Mo7O24.4H2O -0.019 0.927 0.075 0.330 0.035 0.607 -0.050 0.173 -0.089 0.156 -0.048 0.868 

CuSO4.5H2O -0.011 0.956 0.023 0.753 -0.004 0.949 -0.021 0.558 -0.012 0.845 -0.025 0.931 

Thiamin 0.302 0.163 0.031 0.674 0.041 0.553 0.039 0.275 0.033 0.586 0.446 0.146 

Cyanocobalamin 0.078 0.703 0.011 0.883 -0.029 0.675 -0.029 0.410 -0.043 0.478 -0.012 0.967 
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The reason for that relies on its chemical composition, which possesses a high content of nitrogen. 

Therefore, to maximize the nitrogen availability for protein synthesis indispensable for cell subsistence, 

stressed cells down-regulate the photosynthetic pathway, causing a decrease in their pigments [59]. 

4.3.1.3 Salinity 

Some research has been conducted to explore the effect of salinity level on the carotenoid production in 

microalgae. Under salinity stress, microalgae tend to increase the intracellular composition of the 

signaling molecules, such as calcium and reactive oxygen species (ROS) [60]. By reacting with 

macromolecules (e.g., DNA, proteins), ROS can severely impair the cell metabolism or even lead to death. 

In order to counteract ROS action, the cell activates antioxidant defense mechanisms, which may involve 

increased production of antioxidant compounds, such as the enzymes superoxide dismutase and 

catalase, carotenoids, or γ-aminobutyric acid (a non-protein amino acid regulated by cytoplasmic Ca2+ 

concentration) [60,61]. Overall, salinity stress has been especially highlighted as a key factor responsible 

for causing the accumulation of carotenoids in several microalgae from the genus Dunaliella [62–64], 

Chlorella  [65], Desmodemus [66], and Haematococcus [60]. For instance, Dunaliella tertiolecta grown 

under extreme salinities (3 M) was shown to have a marked increase – at cellular basis – of βCar, 

although the negative impact in the microalgae growth performance [62]. Desmodesmus sp. also 

presented a total carotenoid content 2.7-fold higher when subjected to salt stress conditions [66].  

However, the TCar of P. gyrans (Table 4-5) had a negative impact promoted by salinity. Despite the 

different salinity range tested, the Fx content of marine species Tisochrysis lutea and P. tricornutum also 

presented a significant drop when grown with increasing salinities beyond the optimal level (35-45 ‰) 

[67]. The authors also discussed that, although the suboptimal salinity levels tested led to stressful 

conditions for the photosynthetic apparatus of the cells, the impact on photosynthetic pigment production 

(e.g., fucoxanthin) remains unclear. Similarly, the carotenoids and chlorophyll a content of 

Nannochloropsis oculata increased with the salinity reduction from 35 to 25 g.L-1 during growth [68]. This 

particular evidence points out the species-dependent behavior of each microalga for the same abiotic 

factor.   

4.3.1.4 Iron 

Iron is an important micronutrient for several cellular processes, such as DNA synthesis, respiration, and 

photosynthesis. It is a crucial cofactor for enzymatically mediated processes, which allow the physiological 

and chemical balance (e.g., redox reactions, nitrogen assimilation, uptake mechanisms), as well as a key 

nutrient for chlorophyll synthesis and chloroplasts stability [69]. The deficient supply of iron in 
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Chlamydomonas reinhardtii induced the remodeling of LHCI, by processing and up- or down regulation 

of its pigment-binding proteins, with a concomitant decrease of excitation energy efficiency to the 

photosystem I [70]. In addition, iron also regulates the catalase and peroxidase enzymes, which play an 

important role in the antioxidant mechanism against ROS [70,71]. In this work, the increasing 

concentrations of iron within the range tested showed a positive effect on carotenoids accumulation of P. 

gyrans. Kosakowska et al. [72] reported a similar trend in P. tricornutum, whose cells were grown in a 

range of 0.001 to 10 µmol.L-1 Fe3+, with higher concentrations promoting the highest contents of 

chlorophyll a, c1 + c2, Fx, Ddx, and βcarotene. The authors also noticed that the iron-deficient cells 

presented a marked decrease of its βCar, a conclusion that is in line with P. gyrans considering the 

relevance (p = 0.062) achieved for FeCl3.6H2O (Table 4-5).  

4.3.1.5 Cobalt 

Cobalt is an important micronutrient for microalgae, mainly due to its role as structural molecule involved 

in the synthesis of the important cofactor cobalamin, which in turn influences the enzymatic processes 

responsible for nitrogen fixation [73]. However, when supplied at higher concentrations, this heavy metal 

can be harmful for microalgae as consequence of the increasing oxidative stress [74], a phenomenon 

always described as species-dependent. In the present work, cobalt had a positive impact on TCar, Dtx, 

and αCar content of P. gyrans. Indeed, the increasing accumulation of protective carotenoids (e.g., Dtx) 

under higher cobalt concentrations might be seen as the response of P. gyrans against the likely 

production of ROS during electron acceptor-donor interactions of cobalt [75]. The supplementation of 

cobalt at low levels proved to be successful for microalgae growth and carotenogenesis in Spirulina 

platensis [76], Monoraphidium minutum, and Nitzchia perminuta [77]. Although the decreasing content 

in both classes of pigments, the authors also highlighted the superior stability of carotenoids at higher 

cobalt levels, in contrast to chlorophyll [77]. For practical reasons, only three responses (those allowing 

to maximise Fx, βCar, and TCar) were considered in the validation assays. The aim was to confirm the 

high potential of P. gyrans as a carotenoid producer, in particular of the commercially important and 

demanded βCar and, mostly, Fx. Considering the interconnected and dependent production of Dtx and 

Ddx (xanthophyll cycle), the individual validation of these carotenoids was passed over in favor of TCar. 

4.3.2 Validation tests  

4.3.2.1 Growth analysis  

The culture conditions applied in the validation assays are presented in Table 4-3. The growth 

performance of P. gyrans under the validation conditions of set V1 is presented in Figure 4-2. Despite the 
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decreasing concentration in ten nutrients, P. gyrans grown in the assay Fx, βCar, and TCar had longer 

growth and higher Xmax values when compared to the control medium (Con), as shown in Table 4-6.  

Among the same seventeen abiotic factors, nitrogen supplementation, along with light intensity and 

copper, were identified in CHAPTER 3 as the most important factors in biomass production of P. gyrans. 

As the Fx, βCar, and TCar maximization assays share the same levels of NaNO3 (7.5 times higher than 

Con) and copper (2 times lower than Con), the ≈2-fold increase in final Xmax and Px may be explained by 

the variation in these growth conditions.  
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Figure 4-2:  Growth profile of P. gyrans cultivated with the modified medium for the validation experiments V1 (a): Walne's medium (Con) 
and the maximized conditions for accumulation of fucoxanthin (Fx), β-carotene (βCar), and the sum of all carotenoids analyzed (TCar). In V2 

(b) was assessed the optimized growth conditions for P. gyrans’ biomass production (Opt) and the maximized growth conditions for TCar 
and fucoxanthin: 150 µmol.photons.m-2.s-1 during the entire growth (Fx1ph) or using 700 µmol.photons.m -2.s-1 in the first 8 days and 150 
µmol.photons.m-2.s-1 in the last 2 days (Fx2ph). The experiments were performed in triplicate and the error bars represent the mean values 
and standard deviation  
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Regarding the validation set V2, it was verified that P. gyrans grown in the assay Opt.V2 and Fx2ph.V2 

showed significantly higher Xmax and Px compared to the experiments Fx1ph.V2 and TCar.V2 (Table 4-6). 

The improved biomass production in Opt.V2 and Fx2ph.V2 may be related to the higher illumination, 

which was used during the whole growth and until the end of the exponential growth phase, respectively. 

In fact, light intensity stood out as the most significant variable in CHAPTER 3 aimed at optimizing biomass 

production of P. gyrans, in which its optimal value was defined as 700 µmol.photons.m-2.s-1, the same 

used in Opt.V2 and Fx2ph.V2. As shown in Figure 4-2, increasing the light intensity from 150 to 700 

µmol.photons. m-2.s-1 was responsible for shortening by 6 days the growth of P. gyrans, which almost 

doubled its volumetric productivity (Table 4-6). Several works have described the increase in the growth 

performance with light intensity [42,78]. Light is an important factor for photosynthetic microorganisms, 

being responsible for the supply of energy that will be fixed and converted to chemical energy, which will 

fuel the metabolism and microalgae growth [79]. 

4.3.2.2 Carotenoids composition 

Carotenoids composition of P. gyrans produced in the validation experiments is described in Figure 4-3. 

Although the growth conditions tested were primarily aimed at maximizing Fx, βCar, and TCar content, 

the results obtained for Dtx, Ddx, and αCar were also presented in all experiments.  

Regarding the Fx content, in validation set V1 it was seen that Con.V1 produced 2.010 mg.g -1 DW, nearly 

half of the concentration achieved in the remaining experiments (Fx.V1, TCar.V1, and βCar.V1). The Fx 

values between Fx.V1, TCar.V1, and βCar.V1 were similar (p > 0.05), which can be justified by using the 

same level of the most significant variables for this carotenoid (light intensity and NaNO3).  

Similarly, in validation set V2, the control experiment (Opt) presented the lowest level of Fx, with 2.154 

mg.g-1 DW (p < 0.05). The two approaches carried out to improve Fx accumulation in P. gyrans were 

succeeded, with Fx2ph.V2 and Fx1ph.V2 reaching 3.294 and 4.879 mg.g -1 DW, respectively. Although 

the Fx content produced was lower than that achieved in the assays performed strictly at low light 

intensity, the approach tested on Fx2ph.V2 promoted a 1.5-fold increase in Fx concentration compared 

to Opt, without compromising biomass production (Figure 4-2 and Table 4-6). In opposition to V1, P. 

gyrans grown under TCar.V2 conditions promoted the highest Fx content (p < 0.05), whose value reached 

6.153 mg.g-1 DW. Such increase might be explained by a richer nutrient composition in V2, among which 

the notable increase in the NaNO3 level (1500 vs 750 mg.L-1) stands out.  
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Table 4-6: Average of three independent experiments, represented as mean ± standard deviation, of the maximum biomass produced, Xmax, 
and volumetric biomass productivity, Px, of P. gyrans grown in the validation experiments from the sets V1 and V2. In V1, Walne's medium 
(Con) was compared to the maximized conditions for accumulation of fucoxanthin (Fx), β-carotene (βCar), and the sum of all carotenoids 

analyzed (TCar). In V2 the maximized conditions for TCar and fucoxanthin - 150 µmol.photons.m-2.s-1 during the entire growth (Fx1ph) or 
using 700 µmol.photons. m-2.s-1 in the first 8 days and 150 µmol.photons. m-2.s-1 in the last 2 days (Fx2ph) - were compared with the optimized 
growth conditions for P. gyrans’ biomass production (Opt). Values with different superscript letters are significantly different (p < 0.05)  

 Xmax (g AFDW.L-1) PX (g AFDW.L-1.d-1) 

Con.V1 0.590 ± 0.010a 0.057 ± 0.001a 

Fx.V1 1.400 ± 0.046b 0.106 ± 0.003b 

βCar.V1 1.451 ± 0.096b 0.110 ± 0.008b 

TCar.V1 1.380 ± 0.048b 0.104 ± 0.004b 

Opt.V2 2.445 ± 0.010A 0.230 ± 0.002A 

Fx1ph.V2 1.979 ± 0.048B 0.132 ± 0.004B 

Fx2ph.V2 2.347 ± 0.037A 0.220 ± 0.004A 

TCar.V2 2.102 ± 0.081B 0.123 ± 0.006B 

 

Ddx presented a similar trend to that of Fx. In V1 set, all the conditions tested yielded higher Ddx contents 

than the control conditions (p < 0.05), which values ranged from 1.273 to 3.368 mg.g-1 DW. In the V2 

set, Opt showed, once again, the lowest content of Ddx (1.938 mg.g -1 DW), with a significant increase in 

the accumulation of this carotenoid occurring as light intensity decreased, reaching its maximum in 

TCar.V2 (4.573 mg.g-1 DW). With respect to Dtx, the conditions tested in V1 showed no significant 

differences, with the highest content produced by P. gyrans found in Fx.V1 (1.448 mg.g-1 DW) and the 

lowest achieved in βCar (0.758 mg.g-1 DW). 

Interestingly, the Dtx profile had the opposite trend of the Ddx in V2 set. Dtx values ranged from 0.139 to 

0.763 mg.g-1 DW, with the highest value being reached under high illumination (Opt.V2) and considered 

significantly higher than the remaining assays (p < 0.05). The relationship between these xantophylls is 

a well-known process (diadinoxanthin cycle) widely described in several haptophytes and diatoms, that is 

triggered against the oxidative stress promoted by high light conditions. Through enzyme-mediated 

processes, microalgae produce Dtx by de-epoxidation of Ddx at high irradiances; conversely, epoxidation 

of Dtx to Ddx occurs at low light intensities [75]. Due to its higher number of the conjugated double bonds 

[80], Dtx proved increased performance in scavenging of free radicals and quenching of chlorophyll triple 

states, protecting and stabilizing the thylakoid membranes under high irradiances and temperatures 

[12,75].  

Among the carotenoids optimized, βCar had the lowest content. There were no significant differences 

between Con.V1, TCar.V1, and the theorical optimal conditions (βCar.V1) with their contents ranging 

between 0.455 and 0.629 mg.g-1 DW. Fx.V1 produced the lowest value of βCar (p < 0.05). Considering 
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that FeCl3.6H2O was identified in the PB design as a key factor for the production of βCar by P. gyrans, 

its concentration may explain the low content of this carotenoid in Fx.V1. 

 

As displayed in Table 4-3, this assay was the only one that showed limited iron concentrations, thus 

validating the importance of the statistical approach conducted in this work. This observation is also 

corroborated by the results of V2. Although P. gyrans was not tested with culture conditions to increase 

Figure 4-3: carotenoids composition, mg.g-1, of P. gyrans cultured in validation experiments (V1 and V2). In V1, was evaluated the Walne's 
medium (Con) and the maximized conditions for accumulation of fucoxanthin (Fx), β-carotene (βCar), and the sum of all carotenoids analyzed 

(TCar). In V2 (b) was assessed the optimized growth conditions for P. gyrans’ biomass production (Opt) and the maximized growth conditions 
for TCar and fucoxanthin: 150 µmol.photons. m-2.s-1 during the entire growth (Fx1ph) or using 700 µmol.photons. m-2.s-1 in the first 8 days 
and 150 µmol.photons. m-2.s-1 in the last 2 days (Fx2ph). The assays were performed in triplicate, with the bars representing the mean values 
and the standard deviation. Bars over the grey background represent the values produced by the validation test 2 (V2).  Means with different 
letters within each data set (V1 or V2) are significantly different (p < 0.05) 
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the accumulation of βCar, like the βCar.V1, the only assay with a significant increase in this carotenoid 

was TCar.V2 (0.596 mg.g-1 DW), which was also the only assay with a higher iron supplementation (1.95 

mg.L-1). Regarding the αCar, its value ranged between 0.540-0.843 and 0.322-0.524 mg.g-1 DW in the 

V1 and V2 experiments, respectively.  

Considering that the most prominent carotenoids in P. gyrans were Fx and Ddx, these carotenoids strongly 

influenced the TCar content. In fact, TCar content among the assays matched the profile already 

described for Fx and Ddx. In the set V1, Con produced the lowest content (p < 0.05) of total carotenoids, 

5.633 mg.g-1 DW, whereas in Fx.V1, TCar.V1, and βCar.V1 the range was 9.070-9.820 mg.g-1 DW. On 

the other hand, all the experiments of the set V2 presented significant differences among them (p < 0.05). 

Considering the carotenoids content, whose value ranged from 5.614 to 11.794 mg.g-1 DW, the validation 

experiments can be ranked as TCar.V2 > Fx1ph.V2 > Fx2ph.V2 > Opt.V2. Indeed, the results reported 

here for TCar validate the findings produced with the statistical approach adopted. In both V1 and V2, the 

manipulation of the main abiotic factors according to PB (salinity, light intensity, NaNO3, FeCl3.6H2O, and 

CoCl2.6H2O) proved successful, allowing a 1.7- and 2.1-fold increase in the final composition of P. gyrans, 

respectively.  

Taking into consideration the assay with the highest yield in carotenoids (TCar.V2), the statistical approach 

here adopted led to a modified medium with improved production of Fx (6.153 mg.g -1 DW) and TCar 

(11.794 mg.g-1 DW). P. gyrans grown under those conditions showed a higher content of carotenoids 

compared to D. lutheri (5–6 mg.g-1 AFDW) [43] and P. pinguis (4.32-2.91 mg.g-1 DW) [45,46]. On the 

other hand, the Fx content of Pavlova sp. OPMS 30543, grown under optimized growth conditions, 

reached 12.88 mg.g-1 DW at lab-scale, which rose to 20.86 mg.g-1 DW when grown at outdoor conditions 

[44]. Beyond the Pavlovophyceae, other species are well-known producers of carotenoids, especially Fx. 

Depending on the cultivation features, the Fx content described for the haptophyte Tisochrysis lutea was 

5.51–10.73 mg.g-1 [54]. The diatoms Phaeodactylum tricornutum [55], Odontella autira [58] and 

Nitzschia sp. [57] were also highlighted as highly productive species, whose Fx content achieved was 

42.8, 18.47, 18.18 mg.g-1, respectively.  

4.3.2.3 Carotenoids productivity  

In order to complement the analysis of Section 4.3.2.2, the data from growth performance (Figure 4-2) 

and the respective carotenoids content (Figure 4-3) were used to calculate carotenoids productivity (mg.L-

1.d-1) of P. gyrans in the validation experiments Figure 4-4. In general, the values obtained for Con.V1 are 

in line with the previously described in Section 4.3.2.2. The low biomass production, together with the 
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low content of carotenoids - especially Fx, Ddx, and TCar - made the respective productivity values 

significantly lower than in the other assays, as presented in Figure 4-4a). Furthermore, the different values 

of βCar productivity compared between Con.V1 and βCar.V1 should be pointed out. Although βCar.V1 

showed a 4-day increase in growth duration, as well as lower βCar content, this assay achieved higher 

productivity than Con.V1. This improvement was due to the higher Xmax achieved, which almost doubled 

in comparison with Con.V1 (Table 4-6). Thus, although βCar.V1 failed to increase βCar content (Figure 

4-3), these growth conditions proved advantageous for enhancing its productivity.  
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Figure 4-4: volumetric productivities of the carotenoids (fucoxanthin, Fx; diadinoxanthin, Ddx; diatoxanthin, Dtx; β-carotene, βCar; total 

carotenoids, TCar), mg.L-1.d-1, of P. gyrans grown in validation conditions V1 (a) and V2 (b). In V1, was evaluated the Walne's medium (Con) 
and the maximized conditions for accumulation of fucoxanthin (Fx), β-carotene (βCar), and the sum of all carotenoids analyzed (TCar). In V2 

(b) was assessed the optimized growth conditions for P. gyrans’ biomass production (Opt) and the maximized growth conditions for TCar 
and fucoxanthin: 150 µmol.photons. m-2.s-1 during the entire growth (Fx1ph) or using 700 µmol.photons. m-2.s-1 in the first 8 days and 150 
µmol.photons. m-2.s-1 in the last 2 days (Fx2ph). Bars with different superscript letters are significantly different (p < 0.05)  
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In the set V2, it was found that TCar.V2 and Fx2ph.V2 stood out as the most productive conditions for Fx 

(0.726-0.759 mg.L-1.d-1), Ddx (0.564-0.629 mg.L-1.d-1), and TCar (1.454-1.615 mg.L-1.d-1). The 

management of light intensity (Fx2ph.V2) throughout P. gyrans growth resulted in important gains in 

productivity for Fx and TCar, ranking the Fx2ph.V2 as the second and first most productive assay, 

respectively. Thus, the reduction from 700 to 150 µmol photons m-2 s-1 in the last 2 days of growth can 

be seen as an interesting strategy for the maximization of P. gyrans’ biomass production, along with 

higher productivity for the biologically important carotenoids. 

These findings are corroborated by the normalized productivities to the standard growth conditions 

(Con.V1), presented in Figure 4-5. Except for the data of Dtx from Fx1ph.V2 and TCar.V2 assays, all 

conditions tested promoted substantial gains in carotenoids productivities (Pt/Pc > 1). However, the 

experiments whose growth conditions are a combination of the optimum abiotic factors for both biomass 

production and Fx and TCar synthesis (TCar.V2 and Fx2ph.V2) must be highlighted. The productivity was 

strongly improved with respect to Fx (6.0-6.3-fold), Ddx (7.8-8.6-fold), and TCar (4.5-5.0-fold) content in 

both experiments compared to control.  

As shown for P. gyrans, the productivity value is highly dependent on the growth conditions, as well as 

the microalgae species under analysis. Looking at the pigment fucoxanthin, its maximum productivity 

value achieved with P. gyrans (0.759 mg.L-1.d-1) is within the range described for other species that were 

studied as a fucoxanthin source, such as Chaetoceros muelleri (0.072 mg.L-1.d-1) [67], P. tricornutum 

(0.041 - 2.3 mg.L-1.d-1) [55,67], but on the other hand, it falls short of the productivity described for 

Nitzschia sp. (1.44 mg.L-1.d-1) [57] and Tisochrysis lutea (4.71 mg.L-1.d-1) [54].  
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Figure 4-5: normalized values of the volumetric productivities of carotenoids (fucoxanthin, Fx; diadinoxanthin, Ddx; diatoxanthin, Dtx; β-

carotene, βcar; total carotenoids, TCar) for the modified media formulated in V1 and V2 (Pt) against the control condition Con.V1 (Pc). Pt/Pc 

=1. In V1, was evaluated the Walne's medium (Con) and the maximized conditions for accumulation of fucoxanthin (Fx), β-carotene (βCar), 

and the sum of all carotenoids analyzed (TCar). In V2 (b) was assessed the optimized growth conditions for P. gyrans’ biomass production 
(Opt) and the maximized growth conditions for TCar and fucoxanthin: 150 µmol.photons.m-2.s-1 during the entire growth (Fx1ph) or using 
700 µmol.photons. m-2.s-1 in the first 8 days and 150 µmol.photons. m-2.s-1 in the last 2 days (Fx2ph)  
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4.4 CONCLUSIONS 

In this work, a multivariate approach was implemented to identify, among seventeen abiotic factors, those 

with a significant effect on carotenoids’ composition of P. gyrans (p < 0.10). The pigments profile was 

composed of three chlorophylls (a, c1 and c2) and five carotenoids (fucoxanthin (Fx), diadinoxanthin (Ddx), 

diatoxanthin (Dtx), β-carotene (βCar), and α-carotene (αCar)). The study focused on the key abiotic 

factors related to the maximization of Fx, βCar, and the total carotenoids (TCar). Fx content of P. gyrans 

was mainly affected by the light intensity and NaNO3 concentration, whereas TCar content was influenced 

by light intensity, NaNO3, salinity, cobalt, and iron (p < 0.10). The manipulation of the key abiotic factors 

proved successful due to the generalized increase in Fx and TCar. The highest Fx (6.153 mg.g -1 DW) and 

TCar (11.794 mg.g-1 DW) contents were achieved in the same experiment, in which the key variables were 

set to increase the total carotenoids content. This work represents the first study involving a full 

optimization of P. gyrans growth conditions with the aim of improving its carotenoids composition. The 

results obtained confirm that P. gyrans is a promising source of fucoxanthin and other carotenoids for 

further industrial production.  
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5.1 GENERAL CONCLUSIONS 

This thesis it was aimed to fully assess the impact of seventeen abiotic factors on Pavlova gyrans biomass 

using a multivariate approach, in order to identify the key parameters and subsequently use them to 

optimize the growth performance and biochemical composition of this microalga. The biomass 

optimization was divided in two steps: i) identification of key independent variables using a PB design, 

and ii) an optimization of the previously identified key factors using a RCCD design. The assays carried 

out in the RCCD were also characterized by GC-MS and elemental analysis to determine the fatty acid 

composition, particularly the EPA and DHA fraction, and the protein content, respectively. Similarly, P. 

gyrans biomass from the PB design was also analyzed by HPLC technique to determine its carotenoid 

content and profile, namely the composition of Fx, Ddx, Dtx, βCar, αCar and the sum of all carotenoids 

analysed (TCar). Special attention was given to the FX, βCar and TCar, for which the main abiotic factors 

involved in their production were identified. This information was used to devise tailored growth strategies 

to maximize the accumulation of these carotenoids. Thus, the main conclusions from this work were: 

• The parameters light intensity (µmol.photons.m-2.s-1), NaNO3 (mg.L-1), and CuSO4.5H2O (mg.L-1) 

stood out as the most significant abiotic factors involved in the volumetric biomass productivity 

of P. gyrans. 

• The outcomes of the RCCD design allowed to identify and understand the synergistic effects of 

the independent variables (light intensity, NaNO3, CuSO4.5H2O and NaH2PO4.H2O) on the 

response variables Xmax, EPA, DHA, lipid and protein content.  

• Statistical model and the corresponding counter curves were generated for Xmax, which exhibited 

a satisfactory fit (R2=84.1%) and, overall, showed a positive effect of light intensity, NaNO3 and 

NaH2PO4.H2O, in contrast to CuSO4.5H2O. 

• Overall, EPA and DHA production in P. gyrans was favored by low light intensity and presented a 

positive quadratic effect for CuSO4.5H2O. EPA also presented a positive quadratic effect for NaNO3 

and a positive and linear interaction between light intensity and NaH2PO4.H2O. DHA showed to be 

dependent on a linear interaction with a negative coefficient between NaNO3 and NaH2PO4.H2O, 

as well as negatively correlated with the level of NaH2PO4.H2O. 

• The optimized conditions for improved Xmax in the RCCD were defined as 700 µmol.photons.m-

2.s-1 of light intensity, 1500 mg.L-1 NaNO3, 6 µg.L-1 CuSO4.5H2O and 40 mg.L-1 NaH2PO4.H2O, 

promoting a 3.8-fold increase in biomass production of P. gyrans (2.26 g AFDW.L-1). In addition, 

the biomass produced under these conditions increased its EPA content, but mainly its protein, 

PUFA, n-3 fatty acid and DHA content compared to the control conditions (Walne's medium). 
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• The multivariate approach was also successful to maximize the carotenoids production of P. 

gyrans. Amongst the seventeen variables, were identified the key parameters responsible for 

improving the accumulation of Fx (light intensity and NaNO3) and TCar (light intensity, NaNO3, 

salinity, cobalt, and iron).  

• According to the outcomes from the PB design, the optimum growth conditions defined for Fx 

accumulation led to a 1.5- to 2.4-fold increase compared to the control conditions. Regarding the 

TCar, the defined growth conditions nearly doubled the carotenoid content of P. gyrans. 

• The implementation of strategies relying on the two-phase cultivation of P. gyrans, reducing the 

light intensity at the end of exponential phase, was successful allowing a 1.5- fold increase in Fx 

content.  

• The nutritional indices based on FAs profile, and the carotenoid enriched biomass proved the 

nutritional value of P. gyrans for potential application in food and feed products.   

5.2 GUIDELINES FOR FUTURE WORKS 

Overall, this thesis has described and confirmed the strict correlation between growth conditions and their 

impact on microalgae growth, as well as their metabolic composition, highlighting the importance of 

mastering microalgae growth and their nutritional requirements as a crucial skill for cost-effective 

microalgae production. To complement the work here described some guidelines for future work can be 

suggested: 

• Validation of the optimized growth conditions at large scale for high biomass production, high 

accumulation of n-3 fatty acids and carotenoids in P. gyrans.  

• Life Cycle Assessment and Life Cycle Cost Analysis of the optimized formulations to understand 

if the strategies here developed present economic and environmental advantages against the 

traditional medium formulations and the commercially used n-3 FAs- and carotenoids-rich 

microalgae species. 

• Re-assess the vitamin supplementation in order to define the minimum amount required without 

compromise the P. gyrans growth. 

• Explore the two-stage growth strategy of P. gyrans by managing other growth parameters (i.e. 

nutrients or LED lights) to enhance the production of EPA, DHA and other carotenoids than Fx. 

• According to the nutrient requirements defined in the optimized growth conditions, explore the 

utilization of agro-industrial by-products as an alternative growth medium.  
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• Evaluate the implementation of new technologies (e.g. moderate electric fields) for downstream 

processing of P. gyrans biomass, to facilitate the dissemination of FAs- and carotenoids-enriched 

extracts for nutraceutical and pharmaceutical applications.  

 

 

 


