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Summary 

The specific chapters of my dissertation are briefly presented as follows: 

Chapter 1 

With the aim to optimise the co-cultivation of extractive species in IMTA systems, three 

microalgae strains, one macroalga and one halophyte have been selected. On the microalgae 

Nannochloropsis sp., Isochrysis galbana, Phaeodactylum tricornutum have been developed 

protocols for their cultivation and standardization of yields in lipids, carotenoids and 

polyphenols, comparing, only for P. tricornutum, standard culture condition with nitrogen 

starvation condition (N-). 

The macroalga Gracilaria gracilis and the halophyte Arthrocnemum macrostachyum have 

been selected to assess the extractive yields and total polyphenols applying innovative 

extractive techniques (Supercritical Fluid Extraction), compared to the traditional chemical 

extractive techniques. The antioxidant capacity of microalgae, G. gracilis and A. 

macrostachyum extracts have been assessed through specific assays. 

Results showed that Nannochloropsis sp., I. galbana and P. tricornutum lipids and bioactive 

compounds as carotenoids and polyphenols can be standardized and also modulated 

modifying culture conditions for their cultivation in IMTA systems. As for microalgae, also 

G. gracilis and A. macrostachyum, due to their natural polyphenol production and the 

antioxidant power of the bioactive compounds extracted with green technologies, can be 

considered good candidates for cultivation in IMTA systems.  

Since the application of bioactive compounds in nutraceutical and cosmeceutical fields 

requires more analysis, in vitro tests of the extracts have been conducted to evaluate their 

cytotoxicity and their potentiality as a source of antioxidants, as described in Chapter 3.  

Chapter 2 

Part of my research activity was focused on P. tricornutum, a model organism that, in relation 

to the variation of nutritional loads in water, as in aquaculture, can adapt its metabolism in the 

direction of fatty acids or antioxidant biosynthesis, as a mechanism of stress adaptation. On 

this diatom, some protocols for the manipulation of lipid and antioxidant biosynthesis, in 

relation to nitrogen supply or starvation have been assessed. Furthermore, the effect of 

nitrogen starvation in P. tricornutum was investigated at molecular level by genes expression 

related to lipid biosynthesis and photosynthesis. As the different culture conditions led to 

metabolic switches in P. tricornutum and affected lipid and antioxidant biosynthesis, these 
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preliminary results could be used as indicators of P. tricornutum nitrogen limitation for 

environmental or industrial monitoring and, moreover, the cultivation of this strain in 

different culture medium may have markets in the biotechnology sector for the pilot and 

industrial scale production of value added ingredients, especially for the food sector 

(Published chapter: Curcuraci et al. [1]). 

Chapter 3 

In this chapter, the bioactivity of halophyte and marine microalgae bioactive compounds 

extracted was investigated in human and fish cellular model systems (Hs68 and SAF-1 cell 

lines) to assess their protective effect against induced oxidative damage. Marine microalgae 

bioactive compounds have also been tested to prevent the bactericidal growth of Vibrio 

harveyi and Vibrio anguillarum in aquaculture facilities. 

As halophytes are known for being a rich source of bioactive secondary metabolites with 

photoprotective activity and nutraceutical applications, A. macrostachyum extracts have been 

tested in vitro in Hs68 cell line UV-irradiated to evaluate their protective effect. 

Regarding microalgae extracts, the experiment was based on previous studies described by 

Espinoza Ruiz et al. [2] who assessed the protective effect of synthetic antioxidants (gallic 

acid and β-carotene) against a mixture of the emerging contaminants-induced oxidative stress 

carbamazepine (CBZ), polybrominated diphenyl ether 47 (BDE-47) and cadmium chloride 

(CdCl2) at sub-lethal doses on SAF-1 cell line. 

For these reasons, the bioactivity of Nannochloropsis sp., I. galbana, P. tricornutum and P. 

tricornutum (N-) extracts was tested in SAF-1 cell line induced to oxidative stress with one 

selected chemical inducer of known pro-oxidant power (BDE-47). 

Furthermore, the bioactivity of the microalgal extracts was tested to assess their bactericidal 

activity against two fish pathogens relevant in the aquaculture sector: V. harveyi and V. 

anguillarum. 

In vitro tests results showed a protective effect of A. macrostachyum extracts against cellular 

oxidative damage induced by UV radiation in Hs68 cell line and microalgal extracts showed a 

protective effect in SAF-1 cells exposed to BDE-47.  

Finally, microalgal extracts showed a dose-dependently bactericidal activity against the two 

fish pathogens of the genus Vibrio spp. 

Those results confirmed the protective in vitro efficacy of the extracts of halophytes and 

microalgal strains. 
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Chapter 4 

Qualitative and quantitative evaluation of lipids and antioxidants production have been 

carried out on two microalgal strains, previously collected along the Sicilian coast, then 

isolated and cultivated at lab-scale: Chlorella sp. and Dunaliella viridis. 

In order to assess and optimise their production performances in terms of lipid, carotenoid and 

polyphenol yields, the two microalgae strains were subjected to thermic and salt stress.  

To verify if these strains may be considered for the Sicilian outdoor aquaculture industry, the 

strains were grown at extreme temperature (whereas in Sicily temperature exceed 40 °C) and 

salinity (as high-salinity wastewater may limit contamination in aquaculture facilities). 

Each stress condition was investigated on the growth performance, the productivity and the 

biochemical composition of the two autochthonous microalgae to verify if environmental 

stresses may trigger the production of high-value biomolecules.  

Results suggested that Chlorella sp. and D. viridis tolerated high temperatures and high 

salinity but a relevant shift in lipid content, on its composition and in carotenoid’s 

composition was observed.  

These preliminary results represent a first characterization of the strains considered for 

possible biotechnological applications at regional-based algal industries (Published chapter: 

Arena et al. [3]). 

Other activities: 

On the course of the PhD project, the development of techniques for lipids and antioxidants 

extraction by chemical solvents and green extractive techniques have also been assessed on 

two other selected matrices. Calendula spp. and Posidonia oceanica. On those matrices the 

bioactive properties of the extracts have been tested in vitro at cellular level. In particular, 

laboratory analyses were carried out and two scientific articles have been published on: 

 Extraction of polyphenols from four taxa of the genus Calendula collected in Sicily 

(C. maritima, C. suffruticosa subsp. fulgida, C. arvensis, and the hybrid between the 

first two ones), using chemical solvents (hexane, ethanol 80%, acetone 70%, and 

water) and by supercritical fluids extraction (SFE). Evaluation of the antioxidant 

power of the extracts and evaluation of their bioactive properties in vitro on Hs68 cell 

line exposed to oxidative stress, induced by H2O2 [4]. 

 Phenolic yield assessment of beach cast fresh and dried Posidonia oceanica leaves 

extracted with different solvents (ethanol 70% and methanol 80%) at different drying 

temperature and grinding conditions. The antioxidant bioactivity of the extracts 
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obtained by ethanol 70% from green leaves dried at 60 °C and ground four times (Gd-

E4) was evaluated in vitro on Hs68 cell line, subjected to UV induced oxidative stress 

[5]. 
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Introduction 

Over the last decades aquaculture has expanded rapidly ensuring the global supply of protein 

from fish [1]. In 2018, world capture fisheries reached 96.4 million tonnes, compared to 82.1 

million tonnes produced by the aquaculture sector (about 46% of total production), which was 

estimated to be worth US$250 billion [1]. This data showed that around 50% of fish products, 

in 2018, were ensured by the global aquaculture industry, compensating for the capture 

fisheries production deficit [1]. 

In 2020 FAO confirmed that fisheries catches were declining significantly, leading to an 

increase in the deficit of up to 50-80 million tonnes by 2030 in meeting the global consumer 

demand for fish products [1]. Aquaculture is therefore playing an increasingly important role 

in compensating for the inability of fisheries in guaranteeing the global source of animal 

protein from fish, maximizing the nutritional benefits of its products while maintaining high 

levels of environmental sustainability [1] (Fig. 1). 

 

Figure 1. World capture fisheries and aquaculture production. Source FAO 2020 [1] 

Aquaculture is mainly carried out in land-based and sea cage farms located along the coast. 

Over the years there has been strong spatial competition from industries and a consequent 

deterioration in public perception of this activity [2–4]. To address this competition, FAO has 

called for the responsible development and management of aquaculture activities in the 

Mediterranean and the Black Sea to establish offshore aquaculture facilities within Allocated 

Zones for Aquaculture (AZAs) to reduce water management conflicts and to promote 

sustainability [2–4]. 
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Depending on farming practices, culture systems can be classified as extensive, semi-

intensive and intensive [5]. In extensive systems there is no feeding supplement and low 

rearing densities are maintained. Due to its low production rates, this practice is slowly 

disappearing, especially in European countries. Semi-intensive systems are characterized by 

the addition of supplementary feed and higher densities of farmed species, compared to 

extensive systems. Whereas, the highest densities and the exclusive use of artificial feeds are 

practices used in intensive systems [5]. Intensive farming systems ensure high productivity 

but have a higher impact on the ecosystem. In fact, intensive aquaculture leads to energy loss, 

with regard to organic matter and in terms of economic costs, proving to be the least 

sustainable among farming practices [5,6]. 

In 2018, the European aquaculture was mainly developed in monoculture, dominated by the 

farming of two marine finfish: seabass (49.2%) and seabream (42.2%) (Figure 2) [7].  

Nevertheless, recently in the Mediterranean Sea a diversification of farmed species is 

occurring, with the introduction of new farmed species such as meagre, red porgy (Pagrus 

pagrus) and other seabreams species [7]. 

Since over the years, a large part of consumers has become very aware and demand 

increasingly higher guarantees in terms of quality, traceability and production conditions [8], 

aquaculture development must ensure responsible farming practices that provide food 

products while maintaining the integrity of aquatic ecosystems and sustainability of the 

aquaculture industry [1]. 

 

Figure 2. Percentage of European aquaculture production of marine fish species in 2018. Source: Hough 2022 

[7] 
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To achieve these goals, it is necessary to establish management practices that are efficient, 

diversified in terms of products and sustainable from both an environmental and a social point 

of view [6]. 

Higher levels of sustainability and productivity in the aquaculture sector can be ensured 

through the development of the Integrated Multi-Trophic Aquaculture (IMTA) (Fig. 3), a 

polyculture system based on recreating a simplified natural ecosystem that maximises 

economic and production yields and minimises environmental impacts [9–11]. 

 

Figure 3. Integrated multitrophic aquaculture (IMTA) scheme 

IMTA is an ideal system based on the co-culture of pellet-farmed species with organic (e.g., 

fish, echinoderms, molluscs) and inorganic (e.g., micro/macro-algae, macrophytes) extractive 

species [6], recreating the natural food chain through the exploitation of species belonging to 

different trophic levels and having complementary functions [9–11]. In this way, faces 

naturally produced by the fish, as well as unconsumed feed (only 25-40% of the nitrogen 

present in feed is assimilated by the farmed fish species [12]) are reused as nutrients by the 

co-cultured species in the aquaculture facility [10,11,13]. As in a natural food chain, at every 

level, in aquatic cultivated organisms there is a loss of energy, uneaten feed, nutrient 

excretions and faeces. An ecologically engineer balanced IMTA system includes feeding 

species, inorganic and organic extractive species such as microalgae, macroalgae and plants, 

deposit-feeders such as polychaetes, sea cucumbers and sea urchins [10,11,14–17] and filter 
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feeders (mussels) that recover nutrients in the form of particulate organic matter (POM) [17]. 

IMTA extractive species, acting as living filters, ensures nutrient recycling improving the 

environmental performance of aquaculture sites [15,18], biomass production as food, feed and 

as source of high value bioactive molecules [11,15,19]. Indeed, extracted and isolated 

bioactive compounds and natural pigments of the co-cultivated species, are recognised for 

their use as functional foods in nutraceuticals and in cosmeceuticals and pharmaceuticals 

industries, due to their antioxidant and antimicrobial properties which are important for the 

welfare of farmed species and human health [11,15]. This, as well as having a role in 

biomitigation of the impact of aquaculture activity, leads to an increase in the commercial role 

and important economic value of co-cultures, as well as sustainability of the activity, product 

diversification with a guarantee of higher economic stability and higher consumer 

acceptability due to the application of sustainable management practices [6,9,20]. Therefore, 

IMTA increases yields through a more efficient use of resources developing new value chains 

[15]. 

In the state of world fisheries and aquaculture by FAO 2020 [1] an increase to 25 million 

tonnes, in 2018, in the total non-fed aquaculture production has been reported (Fig. 4) of 

which extractive species production represented the 57.4% of the total global aquaculture 

production.  

 

Figure 4. Fed and non-fed aquaculture production, 2000–2018. Source FAO 2020 [1] 

IMTA has its origins in Asia where the ratio of fish to extractive aquaculture in 2012 was 

estimated to be around 1:1 (3.5:1 in Europe) [21,22]. In Asia, extractive organisms such as 
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molluscs and algae are widely utilized in IMTA's industrial sectors and their high profitability 

stimulates their production [10,21,22]. Only recently IMTA farming has found a place and 

attracted interest among producers in Western countries [7], where aquaculture is mainly 

dominated by monospecific cultivation of fish, which has led to a doubling of the demand for 

fish oil and fishmeal in the last decade and a low reuse of the waste produced by the 

aquaculture sector [1,10,23]. This slow adoption of technologies to support IMTA can be 

attributed to poor legislative, regulatory and social progress and support, consumer’s 

misinformation, economic reasons such as lack of direct financial benefits to the entrepreneur 

and lack of foresight in responsible management of coastal waters to ensure sustainability and 

profitability of the adoption of IMTA systems [7,9,10,20]. 

The legislative framework for IMTA systems is complex and non-harmonised, often focused 

on monoculture and characterised by low consumer awareness. These conditions could be 

fixed through closer collaboration between the research sector, through the development of 

pilot-scale IMTA facilities and subsequent scale-up, through improved regulatory frameworks 

by legislators and through consumer empowerment for the development of the bioeconomy 

[3,9,10,15,24]. 

Over the past 20 years, interest in marine drug discovery (Fig. 5a) and the studies on the 

bioactivity of metabolites derived from microalgae have increased (Fig. 5b) [25], as well as 

the interest by industries and consumers in functional foods, defined as “food products 

fortified with special constituents that possess advantageous physiological effects” [26,27].  

  

Figure 5. Number of publications per year on the subject of “marine drug discovery”, listed in the source index 

of the Web of Science (Clarivate Analytics) from 1991 to 2019 (a); Number of publications per year on the 

subject of “microalgae bioactivity” listed in the source index of PubMed.gov database, NCBI, last 20 years (b). 

Source: Savio et al. 2021 [25] 

a) b) 
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Functional foods are obtained from traditional foods enriched with nutraceuticals, bioactive 

compounds extracted from natural plants or animal sources. Since plants, micro and 

macroalgae produce high value bioactive compounds with proved beneficial effects on human 

health [27–30], the co-cultivation of extractive species in IMTA systems ensures a higher 

profitability and productivity. 

Aquatic organisms are an important source for the extraction of valuable metabolites, which 

can be extracted with traditional techniques using chemical solvents or with green innovative 

extractive methods. Particularly, algae and plants produce biomass rich in value-added 

products, whit a proved bioactivity [11,31–34]. Valuable metabolites can be divided into 

primary metabolites and complex secondary metabolites [35]. Among them, carotenoids, 

antioxidants, fatty acids, enzymes, polymers, peptides, toxins, sterols, and vitamins are 

compounds suitable for commercialization [36,37]. 

Primary metabolites are produced by plants and algae converting CO2 in lipids, carbohydrates 

and proteins during photosynthesis [36]. Lipids have numerous functions such as energy 

storage, signalling and structural components of cell membranes. In macroalgae, the lipid 

content is estimated to be less than 5%, while in microalgae, depending on the strain 

considered and the culture conditions, it is between 1 and 40% [38]. Microalgae lipids are 

produced as oil globule starting from the formation of acetyl-CoA by the acetyl-coenzyme A 

carboxylase (ACCase) gene which catalyzes the de novo fatty acid biosynthesis through 

acetyl CoA carboxylation [35,39] and their production can be enhanced by specific 

environmental conditions [35,40]. The majority of the lipids obtained from microalgae are 

long-chain polyunsaturated of the ω-3 series (PUFA), eicosapentaenoic acid (EPA, C 20:5 ω-

3) and docosahexaenoic acid (DHA, C 22:6 ω-3) with proved beneficial effect on human 

health, as well as being essential for farmed species [11,35,40]. Lipid content and fatty acids 

profile in microalgae are strongly linked to the investigated species and influenced by 

environmental stressors (such as salinity and temperature) [35,41]. 

Secondary metabolites are produced from plants and algae for protection and survival [42,43] 

and are widely recognised to have high antiviral, antibacterial and cytotoxic activity and to act 

as natural antioxidants [44,45]. 

 Photosynthetic pigments include carotenoids such as carotenes (e.g. β-carotene 

and lycopene) and xanthophylls (e.g. lutein and zeaxanthin), and chlorophylls 

(chlorophyll a and b) are photosynthetic pigments rich in health-beneficial, 

produced as secondary bioactive metabolites for the adaptation to extreme 

environmental conditions [43]. These pigments counter the oxidative and photo-
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oxidative stress that lead to reactive oxygen species (ROS) generation damaging 

the photosynthetic apparatus [43,46]. Due to their characteristics, carotenoids and 

chlorophylls are widely used in the food, nutraceutical and pharmacological 

industries [47]. 

 Phenolic compounds which include phenolic acids (hydroxybenzoic acids and 

hydroxycinnamic acids) and flavonoids, are products of the secondary metabolism 

of plants and algae (in equal to or less quantities than the minimum observed in 

terrestrial plants [48]), having a key role as defense against environmental stress 

[43,49]. Phenolic compounds have one or more aromatic rings bearing hydroxyl 

substituents [49,50] and are recognized as important healthy natural antioxidant 

phytochemicals that, inhibiting macromolecular oxidation, have anticancer, anti-

microbial, anti-inflammatory, anti-diabetic and antiviral properties [43,48,51]. 

To maximize the number of microalgae-derived compounds included in clinical trials and the 

potential of microalgae bioactive compounds, both the physiological and the metabolic status 

of the microalgal culture have to be considered [25]. The former ensures a better control on 

biotic and abiotic factors during the cultivation process, the latter detects chemical changes in 

the composition of the extract, and consequently changes on its bioactivity, by the use of 

“omics” technologies [25]. 

The bioavailability and potential beneficial effects of algal metabolites have shown promising 

results in both in vivo and in vitro tests [45]. In vivo tests include the use of experimental 

animals. Despite the increase in regulations on the use of chemicals in Europe requiring more 

testing, the need to reduce in vivo tests for ethical, scientific and economic reasons has 

encouraged to investigate alternative testing methods, replacing vertebrates with invertebrates 

or with in vitro tests [52,53]. 

In vitro assays are based on the use of cell lines to evaluate the interaction of bioactive 

molecules with the organism at the cellular level, since the cellular response is the first 

expression of the effect of the compound, as well as the most sensitive [52,53]. In the last 

decade, in vitro assays with human and fish cell lines have become widely used in assessing 

the effects induced by natural compound extracts and xenobiotics [25,52,53]. In this view, it 

is essential, particularly regarding microalgae-derived metabolites, to design bioactivity tests 

taking into account the selectivity factor of the cell line used to test the compound [25]. 

Since many technologies have been developed for the extraction of bioactive compounds 

obtained from different matrices, the growing interest in nutraceutical and cosmeceutical 

products has directed research towards innovative green extractive methods [54]. Traditional 
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extractive techniques often require long extraction times, have low yields and are carried out 

using toxic solvents, whereas SFE is a green separation technology using supercritical fluids 

as solvent [55]. Since each substance is characterised by a critical temperature (Tc) and 

pressure (pc), when temperature and pressure are increased above Tc and pc simultaneously, 

the substance is defined as supercritical fluid, a phase with gas and liquid properties with 

increased extraction efficiency [28,56].  

CO2 used as supercritical fluid, has been widely investigated in SFE technology from the 

food, pharmaceutical and nutraceutical industries [28,51,55–59]. Due to its Tc (31°C) and pc 

(73.8 bar), CO2 is considered the ideal supercritical fluid for bioactive compounds extraction 

[28,29,60]. Moreover, CO2 is non-flammable, non-toxic, non-polluting, is inert and is a low-

cost, easily reusable gas, overcoming many of the limitations of traditional chemical solvents 

extractions [28,29,60]. 

Among separation techniques, SFE is considered advantageous due to its high selectivity and 

short extraction times [28,29,56,60] and profitable since the natural bioactive compounds 

extracted by SFE have found applications in the food, chemical, nutraceutical and 

pharmaceutical industries [28,29,55,59]. 

Another important benefit related to the development of IMTA is connected to the capacity of 

the co-cultivated extractive species to uptake and/or utilize nutrients and feed species by-

products, establishing new value chains and more efficient and cost-effective inorganic and 

organic pollutants removal methods, compared to the conventional treatment techniques 

[61,62]. 

In accordance with the principles promoted by the European Commission and by FAO at 

Rio+20 conference fostering the “Blue Growth” concept, which refers to a green economy 

and sustainable development of the maritime and coastal sectors [63], it is necessary to 

implement the concept of reuse of resources by recognising the potentialities of by-products 

produced within aquaculture facilities [18]. Undigested feed and faeces are some of the main 

concerns related to intensive aquaculture farming, in fact, particulate and dissolved organic 

matter exceeding from this activity, may lead to eutrophication condition [64], although the 

concentrations of dissolved nutrients and solids released in the wastewater depend on the 

farming practice: cages, ponds, raceways or recirculating aquaculture systems (RAS) [18]. 

Among farming practices, RAS is an indoor and outdoor system designed to recirculate water 

between the culture phase and water treatment [18,65,66]. RAS systems consist of a series of 

units designed for P and N removal (assimilated by cultured extractive organisms), solids 

removal, and disinfection. Since RAS systems require less water to operate and have a lower 
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environmental impact, the interest in the use of RAS is steadily increasing, especially in 

combination with microalgae in aquaculture facilities [18,65,66]. Indeed, cultivation of 

microalgae in recirculating aquaculture systems not only ensures the removal of nitrogen and 

phosphorus from wastewater but also produce biomass maximizing the production, proving 

the increasing profitability of the use of polyculture and multi-trophic systems in the 

aquaculture sector [18,65,66].  

Among dissolved nutrients of aquaculture wastewaters, the most significant are nitrogen (N) 

and phosphorus (P) [18]. Nitrogen (N) is one of the main causes of eutrophication and 

represents the 60–90% of dissolved waste produced by aquaculture activities [18,61,66]. 

Dissolved inorganic nitrogen (DIN) is released as toxic (NH3) and non-toxic ammonia 

(NH4
+). Ammonia can be nitrified to nitrate (NO3

-) not well tolerated by aquatic species, or 

reduced to nitrite (NO2
-), a highly reactive oxidant and toxic, by biological activities [18,66]. 

Phosphorus (P), that is considered a limiting element in the marine environment, is present in 

wastewaters as orthophosphate, polyphosphate, pyrophosphate and metaphosphate [67]. It is 

lost such as feed uneaten and mainly realised as solid with faeces [18]. 

Nitrogen and phosphorous uptake and recycling from wastewater effluents are at the base of 

bioremediation, defined as “a sustainable strategy focused on alleviating the negative effects 

of aquaculture effluents” [68] (Figure 6).  

 

Figure 6. Aquaculture wastewater bioremediation  
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More specifically, “phytoremediation” refers to the use of plants [61,68] while 

“phycoremediation” to the use of algae [69] for wastewater remediation, as terrestrial and 

aquatic plants assimilate nitrogen either as NH4
+or NO3

-, especially microalgae show higher 

photosynthetic efficiency and nitrogen uptake rates [61,64]. Moreover, algae and plants can 

absorb and store phosphorus, as essential elements for their growth [61].  

Bioremediation studies have been conducted by using aquatic plants, halophytes, microalgae 

and macroalgae [18,64,65,70–74], due to their capacity to reduce chemical and biological 

oxygen demand, to remove nutrients and heavy metals and to their antibacterial capacity [64]. 

This make the biofiltering activity of plants and algae on the recycling of nutrients and by-

products in aquaculture, a key element in increasing the production of sustainable food 

products [18]. 

The state of the art regarding the co-cultivation of extractive species such as microalgae, 

macroalgae and plants in IMTA systems suggests that the international scientific community 

and industrial sectors are focusing on promoting IMTA systems since, co-cultivation of 

extractive and fed species converts by-products of farmed species into resources, mitigating 

the environmental impact of aquaculture by improving its efficiency and sustainability [8–

10,65,72,74,75].  

The ability of the microalgae Nannochloropsis sp., Isochrysis galbana, Phaeodactylum 

tricornutum, Chlorella sp. and Dunaliella viridis, of the macroalga Gracilaria gracilis and of 

the halophyte Arthrocnemum macrostachyum in modulating their lipid and bioactive 

compounds production in different culture conditions has been largely studied to improve 

their yield rates and to reduce industrial production costs [36,67,76,77], due to the increasing 

demand of natural bioactive compounds on the pharmacological, chemical and cosmeceutical 

industries [67,77] and due to their ability to accumulate exceeding nutrients from wastewaters 

[78–82]. Microalgae, macroalgae and plants extracts have also demonstrated to have a 

protective effect, on countering physical and chemical oxidative stresses at cellular level [83–

88] and to inhibit the development of pathogenic bacteria in aquaculture facilities [70,89–91].  

Although environmental changes are known for their ability to induce a variation in lipid 

content and antioxidant capacity in microalgae, little is known about molecular mechanisms 

involved in stress adaptation [39,70]. The use of microalgal local strains for the development 

of regional-based microalgal industry in Sicily is still uninvestigated [47], as well as the 

comparison of traditional and green extractive methods of bioactive compounds obtained 

from the cultivation of G. gracilis and A. macrostachyum in a seabream and seabass hatchery 
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pond of a Sicilian aquaculture facility and on the capacity of the extracted bioactive 

compounds in countering induced oxidative stress and in inhibiting the bactericidal activities . 

Objective of the study 

The aim of my PhD project entitled “Production of high value-added nutraceuticals in a multi-

trophic aquaculture system within a closed circuit marine hatchery (NUTRAQUA)” was: to 

select, among microalgae, macroalgae and plants, those species considered valuable 

candidates for the optimization of their cultivation in IMTA systems for the production of 

high value bioactive molecules and the extraction of these bioactive compounds for their use 

and industrial scale-up in both cosmeceuticals and nutraceuticals fields.  

The project was developed in collaboration with the industrial partner “Aljè Società Agricola 

S.r.l.” interested in the development of multi-trophic aquaculture systems within the “Azienda 

Ittica San Giorgio Soc. Agr. A R. L.”, a land-based Recirculating Aquaculture System (RAS) 

hatchery of seabream and seabass. 

To achieve these goals, different experiments were conducted on three microalgae strains, 

widely used: Nannochloropsis sp., I. galbana, P. tricornutum and on two local microalgae 

strains collected along the Sicilian coast and then isolated: Chlorella sp. and D. viridis. 

Specific aims were: a comparative assessment of different culture conditions related to 

nitrogen deprivation, salinity and temperature variations, through the manipulation of the 

culture medium on all microalgae strains; the assessment of the total lipid content and fatty 

acid classes composition; the assessment of the antioxidant activity of the microalgal obtained 

compounds extracted by ethanol and methanol; to study the combination of biochemical and 

molecular analyses in P. tricornutum. Particularly, the expression of genes involved in lipid 

metabolism and in photosynthesis was investigated to evaluate how this strain adapts its 

metabolism in the direction of lipid or antioxidant biosynthesis when cultivated under 

standard or nitrogen starvation condition, as a mechanism of stress adaptation. 

Among seaweeds and plants, G. gracilis and A. macrostachyum have been selected to assess 

polyphenols yields quantification, comparing traditional and innovative extractive methods, 

and to assess the antioxidant activity of the bioactive compounds extracted. 

The bioactivity of Nannochloropsis sp., I. galbana, P. tricornutum extracts was tested in vitro 

utilizing cultivated Sparus aurata fibroblast (SAF-1) cell line SAF-1, pretreated with 

bioactive compounds and exposed to polybrominated diphenyl ether 47 - BDE-47, an 

environmental contaminant with a high chemical oxidative capacity. Furthermore, the 

microalgal extracts were used to assess their bactericidal activity against two fish pathogens 
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of the genera Vibrio spp.. Bioactivity of A. macrostachyum extracts has been evaluated in 

vitro pretreating human fibroblast (Hs68) cells line, subjected to UV induced oxidative stress. 
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Chapter 1 – Production of lipids and antioxidants in three microalgae, in the macroalga 

Gracilaria gracilis and in the halophyte Arthrocnemum macrostachyum: preliminary lab 

experiments 

1.1 Abstract 

The application of integrated multi-trophic aquaculture systems represents a must nowadays 

to fulfill the fish products needing in a sustainable way. In this framework, this study was 

dedicated to the evaluation, at lab scale, of lipid and antioxidant production on two 

microalgae widely used in the aquaculture sector, Nannochloropsis sp. and Isochrysis 

galbana, and on the assessment of lipid and antioxidant production of Phaeodactylum 

tricornutum, by a comparative evaluation of standard culture condition and nitrogen 

deprivation. Polyphenol yields were compared at lab scale in the macroalga Gracilaria 

gracilis and on the halophyte Arthrocnemum macrostachyum, grown at the aquaculture 

hatchery pond, using different extractive methods as a first step for their cultivation scale-up 

in IMTA systems.  

Regarding microalgae, Nannochloropsis sp. showed the highest total lipid content 

(31.38±0.11%), followed by I. galbana (26.31± 0%), P. tricornutum cultivated under nitrogen 

deprivation (N-) (25.31±0.6 %) and P. tricornutum cultivated under standard conditions 

(18.61±0.32 %). In P. tricornutum N- a good ratio of omega-3 and omega-6 polyunsaturated 

fatty acids (PUFA) was maintained (respectively 2.05±0.12 g 100g-1 and 0.21±0.01 g 100g-1), 

compared to P. tricornutum cultivated under standard conditions (respectively 2.63±0.19 g 

100g-1 and 0.19 ± 0.01 g 100g-1). In P. tricornutum cultivated under standard conditions 

showed, in response to a lower lipid content, a higher polyphenol (3.07±0.18 mg GAE g-1 

DW) and carotenoid content (2.70±0.23 mg g-1 DW), resulting in a higher antioxidant activity 

(DPPH IC50 6.78±1.37 mg DW mL-1 and reducing power test EC50 172.71±2.90 mg DW 

mL-1), compared to other strains considered. 

In G. gracilis and A. macrostachyum extracts the highest antioxidant activity was obtained by 

green Supercritical Fluid Extraction with co-solvent (SFE+ethanol 96%) (respectively DPPH 

IC50 10.35±1.05 mg DW mL-1 and reducing power test EC50 36.54±5.7 mg DW mL-1 in G. 

gracilis and reducing power test EC50 19.95±1.9 mg DW mL-1 in A. macrostachyum), except 

for DPPH IC50 value of A. macrostachyum which was obtained with solvent N-hexane 

(DPPH IC50 3.94±1 mg DW mL-1). 

https://scholar.google.it/scholar?q=pufa+polyunsaturated+fatty+acids&hl=it&as_sdt=0&as_vis=1&oi=scholart
https://scholar.google.it/scholar?q=pufa+polyunsaturated+fatty+acids&hl=it&as_sdt=0&as_vis=1&oi=scholart
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Modulation of microalgae culture conditions, as well as evaluation of macroalgae and 

halophytes lipid and antioxidant yields, are useful preliminary tools for optimising co-

cultivation of extractive species in IMTA. Furthermore, as oxidative stress is widely 

recognised as a potentially harmful condition for all organisms and cellular systems, the 

extracted bioactive compounds could be then tested in in vitro systems for their utilization in 

nutraceutical and cosmeceutical fields. 

 

KEYWORDS: microalgae, Gracilaria gracilis, Arthrocnemum macrostachyum, lipids, 

bioactive compounds, green extraction, IMTA 

 

1.2 Introduction 

The demand for biologically active compounds from the pharmacological, chemical and 

cosmeceutical industries, from the agricultural and the aquaculture sector, for feed and 

functional foods production is constantly growing [1,2]. In this context, microalgae are 

considered a promising resource, especially in the integrated multi-trophic aquaculture 

(IMTA) sector, thanks to their multiple applications and sustainability [3,4]. In fact, 

microalgae, that are organisms capable of rapid growth and high biomass productivity [5], are 

considered the basis of the food chain in the aquaculture sector as, being rich in protein, 

carbohydrates and lipids [6], they represent an important source of feeding for reared 

organisms [7]. Furthermore, microalgae play an important role in the control and removal of 

nutrients [6], in the production of biofuel [5], in preventing pathogens growth and antibiotic 

overuse [8] and as a source for the production of primary and secondary metabolites [5,9].  

In the recent years, the study of microalgal bioactive secondary metabolites has increased 

exponentially, from the isolation and characterization of bioactive chemicals, to the study of 

the physiological control mechanisms involved, with a view to improving yields and reducing 

production costs [10]. The most commonly cultivated and utilized microalgal strains are: 

Tetraselmis sp. as a source of nutraceuticals and for wastewater treatment [11,12], Chlorella 

sp. for its high production of bioactive compounds [11,13], Isochrysis galbana for its 

biochemical profile rich in fatty acids omega-3 and ascorbic acid [11,14], Nannochloropsis 

sp., recognized as a good source of eicosapentaenoic acid (EPA (20:5n3)), is used for feeding 

rotifers and is a source of several pigments such as chlorophyll a and carotenoids [11,15], 

Phaeodactylum tricornutum for its rapid growth and excellent lipid storage capacity (up to 

35%) [11,16–18] and Dunaliella salina for its β-carotene production ability [19].  
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Modulation of the microalgae culture medium ensures the production of specific bioactive 

compounds for nutraceutical, pharmaceutical and cosmeceuticals applications [1,2]. 

The biochemical composition and physiological state of algal cells can be modified by several 

environmental factors; as a result, in vitro manipulation of the culture medium, can alter the 

chemical composition and growth characteristics of the microalgae [20]. Microalgae respond 

to nutrient deprivation stress, in particular with quantitative and qualitative changes in lipid 

content [21], in fatty acid composition and thus in microalgal growth conditions [16,22,23]. 

Lipids production and accumulation is a mechanism activated during prolonged 

environmental nutritional stress [24], thus a modulation of the nutritional deprivation period 

can lead to a controlled accumulation of lipids [25]. 

Nutritional stress can induce the generation of free radical species in the cell and changes in 

antioxidant content, such as the production of reactive oxygen species (ROS), the 

accumulation of antioxidants and carotenoids [26,27]. An increase in the content of alpha-

tocopherol in Nannochloropsis oculata [28] and ascorbic acid in Dunaliella salina [29] has 

been observed under nitrogen deprivation stress.  

These characteristics make microalgae cultivation a rapidly expanding field in IMTA sector. 

Due to the growing interest shown by research in identifying sources of natural compounds 

with bioactive properties, in order to replace the use of synthetic substances in cosmetics, 

pharmaceuticals and the agrifood sector [30], interest in macroalgae and halophytes 

cultivation in IMTA is rapidly increasing [3]. Plant organisms are a very interesting source of 

bioactive compounds due to their life habits, which have evolved in the production and 

accumulation of protective substances, known as secondary metabolites, with bioactive 

properties [31]. These include carotenes and xanthophylls, isoprene compounds with 

photoprotective and antioxidant functions, such as β-carotene, lycopene and fucoxanthin, 

polyphenolic compounds such as flavonoids and structural polysaccharides such as agar, 

alginates and carrageenan [32,33].  

The selection of macroalgae to be cultivated is strictly linked to their growth rate, nitrogen 

availability, on their resistance to epiphytes and pathogens, on their bio-filter capacity and on 

their bioactive compounds production [34]. Among macroalgae, the red seaweed Gracilaria 

(phylum Rhodophyta) is a genus extensively cultivated, especially in East Asia [35], 

industrially important for agar extraction [36], for the production of antimicrobial compounds 

such as acrylic acid and eicosanoids, which are derived from the oxidative metabolism of 

polyunsaturated fatty acids (PUFA) such as eicosanoic acid and arachidonic acid [36]. 

Furthermore, due to the remarkable ability to accumulate and utilize dissolved nutrients in 
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water, Gracilaria spp. can be cultivated for bioremediation [37–39]. Gracilaria spp., naturally 

growing in transitional habitats, could be then promoted for its cultivation in IMTA, for both 

the reduction of organic loads in pond effluents and for the simultaneous production of 

bioactive compounds. 

Halophytes, are salt-tolerant plants that have great potential as their cultivation can take place 

under drought stress and excess salt conditions and are a good resource for industrial 

applications [33,40,41]. Their cultivation has been tested in marine recirculating aquaculture 

systems (RAS), ensuring nutrient recycling and removal [33,42] as well as their ability to 

produce potent bioactive compounds with antioxidant and antimicrobial potentials [33,41]. In 

halophytes, phenolic compounds play a crucial role in the defence against ROS and oxidative 

stress and act as pathogen growth inhibitors [33].  

Since halophytes are great sources of functional foods that already have a well-established 

place in the market [33], these plants can be considered ideal candidates for cultivation in 

aquaculture systems for the production and extraction of natural bioactive compounds. 

In the recent years, the extraction of bioactive compounds by green innovative extractive 

methods has grown, replacing traditional solvents extraction methods [41,43]. Supercritical 

fluids extraction (SFE) is a green promising environmental friendly technology that, through 

the use of CO2 instead of organic solvent, allows to achieve not toxic high-quality extracts 

[43,44]. 

In this chapter a preliminary study was conducted on three microalga strains, one macroalga 

and one halophyte, selected for their characteristics that make them suitable for co-culture in 

IMTA for food production, nutrient removal and extraction of bioactive compounds for the 

nutraceutical and cosmeceutical sectors. Lipid production, total polyphenol content and total 

carotenoid content under standard condition were evaluated in Nannochloropsis sp. 

(Ochrophyta, Eustigmatophyceae), I. galbana (Isochrysidales, Haptophyta) and P. 

tricornutum (Bacillariophyta). In P. tricornutum the effects of nitrogen deprivation (N-) on 

yields, was also evaluated compared to standard conditions.  

The antioxidant capacity of the extracts has been assessed through two assay methods: DPPH 

radical scavenging activity and Reducing power.  

On the base of the preliminary studies conducted (Chapter 1), the next step was to evaluate 

the protective effect of Nannochloropsis sp., I. galbana and P. tricornutum extracts against 

chemical compounds and their bactericidal activity in in vitro experiments with the aim to 

confirm the ability of these extracts in the nutraceutical and cosmeceutical sectors (Chapter 

3). Furthermore, on the macroalga Gracilaria gracilis (Stackhouse) Steentoft, L.M. Irvine & 
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Farnham, 1995 and on the halophyte Arthrocnemum macrostachyum (Moric.) C. Koch the 

global total yields, total polyphenol contents and antioxidant activity were assessed through 

DPPH radical scavenging activity and Reducing power assay, comparing traditional 

antioxidants solvent extractions with the green SFE with co-solvent method (SFE+ethanol 

96%), for their cultivation scale-up in IMTA systems and to evaluatethe protective effect of A. 

macrostachyum extracts against UV radiation in in vitro systems (Chapter 3), for their 

utilization in the nutraceutical and cosmeceutical industries. 

 

1.3 Materials and Methods 

1.3.1 Microalgae 

1.3.1.1 Maintenance of microalgal cultures 

Monospecific cultures of Nannochloropsis sp. (Figure 1A) and I. galbana (Figure 1B) have 

been provided by the PhD industrial partner, “Aljè Società Agricola S.r.l.” and cultivated by 

“Azienda Ittica San Giorgio Soc. Agr. A R. L.”, while P. tricornutum strain (AC171) was 

obtained from the Algobank culture collection (France) (Figure 1C). P. tricornutum was 

cultivated under standard condition and under nitrogen deprivation (N-) condition using 

culture media indicated in Table 1. 

 

Figure 1. Phase-contrast microscopy images of Nannochloropsis sp. (a), I. galbana (b) and P. tricornutum (c).  

 

a) b) c) 
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Table 1. Microalgal culture media composition 

 

Salts 

Nannochloropsis sp. 

and 

Isochrysis galbana 
Phaeodactylum tricornutum 

Phaeodactylum 

tricornutum N- 

NaCl 363 mM 363 mM 363 mM 

Na2SO4 25.0 mM 25.0 mM 25.0 mM 

KCl 8.04 mM 8.04 mM 8.04 mM 

NaHCO3 2.07 mM 2.07 mM 2.07 mM 

KBr - 725 µM 725 µM 

H3BO3 - 372 µM 372 µM 

NaF - 65.7 µM 65.7 µM 

MgCl2  41.20 mM 41.20 mM 41.20 mM 

CaCl2 9.14 mM 9.14 mM 9.14 mM 

SrCl2 - 82.0 µM 82.0 µM 

NaNO3 - 549 µM 10 µM 

NaH2PO4 - 21.0 µM 21.0 µM 

Na2SiO3  - 205 µM 205 µM 

CuSO4  - 40.0 nM 40.0 nM 

Vitamins 

STock  

50 mM - - 

TRIS-HCl  - 10.0 mM 10.0 mM 
 

 

A volume of 150 mL of stock culture was inoculated into 600 mL of each sterile culture 

medium in duplicate. Microalgae cultures were maintained in aseptic environments at 18-

20°C, pH 8 and permanent illumination (LED light).  

For nutritional and antioxidant composition analysis, microalgae were recovered by 

centrifugation for 20 min at 4000 rpm. The recovered pellet was frozen at -80°C and freeze-

dried before use. 

1.3.1.2 Microalgal total lipids quantification and fatty acids composition 

Total lipids were determined according to Folch et al. [45]. The quantification of total lipid 

content was performed gravimetrically and resuspended in N-hexane. All the samples were 

analyzed in triplicate (n=3). 

Fatty acid methyl esters were determined according to Lepage and Roy [46] and were 

identified and quantified by gas chromatography. Gas chromatography was performed under 

the conditions described by Messina et al. [47]. 

A Perkin Helmer Clarus 580 gas chromatograph equipped with a flame ionisation detector 

(FID) with a capillary-type column (omegawax 320, Supelco, Bellefonte, PA, USA), 30 m x 

0.32 mm x 0.25 *m high-polar phase (polyethylene glycol), was used. 
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Fatty acids were identified by comparing the chromatogram of the sample with standard fatty 

acid mixtures (mix PUFA of fish oil, Supelco, Bellefonte, PA, USA). The concentration of 

the individual acids was calculated from the ratio of the area of the individual peaks to the 

area of the internal standard (C 23:0 trichosanoic acid) at known concentration. 

1.3.1.3 Microalgae antioxidants extraction 

Antioxidants were extracted from the microalgal biomass according to Messina et al. [48]. 

In detail, 5 mL of 80% ethanol was added to 0.5 g of each lyophilised sample.  

Samples were homogenised at Ultraturrax (T25 basic, Ika) cold for 5 min and centrifuged at 

4000 rpm at 4°C for 10 min. 

The supernatant was recovered and stored in the freezer at -20°C until analysis. 

1.3.1.5 Total carotenoids content 

Determination of carotenoids content was performed spectrophotometrically according to 

Miazek and Ledakowicz [49] and Maadane et al. [50]. 

Aliquots of the extracts were prepared at a concentration of 1 mg mL-1 in ethanol. The 

absorbance of the samples was measured at 470, 648 and 664 nm by spectrophotometer 

(Multiskan, Thermo-Fisher Scientific). Ethanol was used as blank. 

Total carotenoids content was calculated using the equations of Lichtenthaler et al. (1) [51]: 

 

 

 

 

 

1.3.2 Macroalga and halophyte 

1.3.2.1 Sample collection and processing 

Gracilaria gracilis and Arthrocnemum macrostachyum were grown at the aquaculture 

hatchery pond of the “Azienda Ittica San Giorgio Soc. Agr. A R. L.”, located in Petrosino 

(Trapani, Italy), from the PhD industrial partner “Aljè Società Agricola S.r.l.”. 

(1) 
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Samples of G. gracilis (Fig. 3a) and A. macrostachyum (Fig.3b) were collected, in triplicate, 

between June and July. 

   

Figure 3. Fresh samples of G. gracilis (a) and dried sample of A. macrostachyum (b) 

After collection, samples were cleaned of epiphytes, rinsed with sterile distilled water, dried 

for 48 h at 40°C, and then homogenized with a blender. Dried powder fraction between 250 

and 500 μm of G. gracilis and A. macrostachyum was extracted by different solvents (Ethanol 

96% and Methanol for G. gracilis; Acetone 70% and N-hexane for A. macrostachyum) and 

SFE with co-solvent (SFE+ethanol 96%) (ratio 1:10w/v), to assess the yields in total 

polyphenols. 

 

Figure 2. “Azienda Ittica San Giorgio Soc. Agr. A R. L.” hatchery pond in Petrosino (Trapani, Italy) 

a) b) 
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1.3.2.2 Extraction by solvents  

G. gracilis and A. macrostachyum phenolic compounds were extracted using solvents with 

different polarity, such as Ethanol 96%, Methanol, Acetone 70% and N-hexane, according to 

Messina et al. modified [48]. One gram of dried sample of G. gracilis and A. macrostachyum 

was transferred into a flask containing 10 mL of the solvents (Ethanol 96%, Methanol for G. 

gracilis and Acetone 70% and N-hexane for A. macrostachyum, respectively). Samples were 

then homogenized for 5 min at 4 °C with Ultra-Turrax (IKA, Werke Staufen, Germany) at 

24.000 rpm.  

The extraction yield (w/w) was calculated evaporating on one aliquot of each extract (Ethanol 

96%, Methanol, Acetone 70% and N-hexane) in a rotary vacuum evaporator and weighed as 

described by Messina et al. [48]. The following Equation was used (2): 

 

 

 

1.3.2.3 Supercritical Fluid Extraction 

G. gracilis and A. macrostachyum phenolic compounds extraction was carried out by SFE 

technology with co-solvent, according to Messina et al. modified [48].  

A supercritical extraction unit (SFE System model HELIX, Applied Separations Allentown, 

PA, USA), equipped with a CO2 pump unit and 50 mL steel vessel was used. 1:2 (w/w) of G. 

gracilis and A. macrostachyum dried powder (5 g), and hydroscopic dispersing agent 

(Applied Separations, Allentown, PA, USA) were placed in the extraction vessel sandwiched 

with defatted glass wool forming a fixed bed in the vessel. The unit was pressurized and the 

sample was kept in contact with supercritical CO2 and co-solvent (ethanol 95%), at pre-

established conditions of temperature (60 °C) and pressure (150 bar) for 90 min in dynamic 

mode. Dynamic extraction was carried out with a CO2 flow of 2 lpm (liter per minute) for G. 

gracilis and 4 lpm for A. macrostachyum and a co-solvent flow of 0.25 mL/min for 90 min.  

The co-solvent was pumped through the sample using an HPLC pump (Knauer Smartline 

pump 1050, Berlin, Germany). Extract was obtained in the sample vial collector and stored at 

-20 °C [48]. 

1.3.3 Total phenolic content in microalgae, macroalga and halophyte 

Polyphenol content of the extracts was determined spectrophotometrically according to Folin 

and Ciocalteu [52]. The Folin-Ciocalteu reagent develops a colorimetric reaction directly 

(2) 
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proportional to the polyphenol content of the extract tested, using gallic acid as a reference 

standard [53]. 

The analysis was performed, according to Dhouibi et al. [54], on a 96-well microplate. To 25 

µL of extract, 150 µL of H2O and 12 µL of Folin-Ciolcateu reagent (50%) were added. All 

samples were analysed in triplicate. The absorbance was measured at 725 nm, using a 

spectrophotometer (Multiskan, Thermo-Fisher Scientific). The total phenolic contents were 

expressed as mg of gallic acid mg-1 of microalgae weight. 

1.3.4 DPPH radical scavenging activity in microalgae, macroalga and halophyte 

The determination of the antioxidant activity was evaluated by DPPH radical scavenging 

activity performed on modified Bernatoniene et al. [55]. The antioxidant compounds reduce 

picrylhydrazyl (purple radical) to picrylhydrazine (pale yellow hydrazine). The discoloration 

indicates the free radical scavenging ability of tested extract. This ability was evaluated 

spectrophotometrically by the determination of the IC50 values (the concentration required to 

scavenge 50% of DPPH radicals). IC50 value is inversely related to antioxidant capacity of 

the sample [54]. 

Forty µL of each extract was loaded into a 96-well microplate at final concentrations of 50, 

100, 200, 500, 1000 μg mL-1 mixed with 160 µL of a 0.08 mM DPPH solution (Sigma, in 

96% aqueous ethanol, VWR Chemicals). 

A control was prepared with 40 μL of 80% ethanol and 160 μL of 0.08 mM DPPH solution. 

Syntethic antioxidant gallic acid (GAE, Sigma Aldrich) was used as a reference compound 

and standard curves were prepared for gallic acid at different concentrations (40 µL, at a 

concentration of 0.05-1 mg mL-1). Each determination was carried out in three replicates. The 

loaded plates were maintained for 20 min in the dark at room temperature. 

The absorbance (Abs) was read at 517 nm after 30 min (Multiskan, Thermo-Fisher Scientific) 

and the antioxidant activity was calculated from the decrease in absorbance observed 

following the reduction of the radical; more precisely as the percentage of inhibition of the 

radical according to the formula (3):  

Scavenging effect (%)=  
 

IC50 was calculated through linear regression analysis. Antioxidant activity is expressed as 

the amount of antioxidant required to achieve 50% inhibition of the radical activity (IC50) 

[54]. 

(3) 
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1.3.5 Reducing power test in microalgae, G. gracilis and A. macrostachyum 

Reducing capacity of extracts is reflected by the electron-donation ability, which is 

considered to be an important strategy to behave as an antioxidant [54]. The reducing power 

(EC50 value (mg mL-1)) was investigated through spectrophotometric detection of Fe3+ and 

Fe2+ transformation in the presence of extracts according to Falleh et al. [56]. Samples were 

incubated at 50°C for 20 min and then centrifuged at 3000 rpm for 10 min. The ferrous ion 

(Fe2+) can be controlled by measuring the optical density of the formed Perl’s Prussian blue at 

700 nm. The EC50 value is inversely proportional to reducing power, higher absorbance 

values indicated a higher reducing power [54]. 

1.3.6 Statistical analysis 

Statistical differences between the groups were assessed by ANOVA analysis, followed by 

Tukey or Games Howell tests, depending on the homogeneity of the variables. Normality of 

the variables was confirmed by the Shapiro-Wilk test and homogeneity of variance by 

Levene's test. 

The significance level was 95% in all cases (P<0.05). All data were analysed by the computer 

application SPSS for Windows® (version 20.0, SPSS Inc., Chicago, USA). 

1.4 Results and Discussion 

1.4.1 Microalgal productive performances  

1.4.1.1 Total lipid content and Fatty acid classes composition 

In IMTA systems, a proper selection of the microalgal strains to be cultured must take into 

account the ability of each strain to produce lipids and bioactive molecules that can guarantee 

improved growth and development of the animals farmed, also ensuring reduced production 

costs [2,57]. These abilities are closely related to the productive lipid yields and fatty acid 

profile of each selected strain [58]. Appropriate selection of microalgae strains ensures both 

their use in aquaculture facilities to enhance animal growth and development and as a source 

of bioactive compounds, reducing production costs  

Nannochloropsis sp., I. galbana, P. tricornutum cultivated under standard condition and P. 

tricornutum N- showed a variable lipid content (Fig. 4). 
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Figure 4. Total lipids (%) content in Nannochloropsis sp. (■), I. galbana (■), P. tricornutum (■) and P. 

tricornutum N- (□). Bars represent the mean ±SEM (n=3) with standard deviations. Treatments that do 

not share the same letter are significantly different from each other (P<0.05). 

In particular, Nannochloropsis sp. showed the highest total lipid content (31.38±0.11%), 

followed by I. galbana (26.31± 0%), P. tricornutum N- (25.31±0.6 %) and P. tricornutum 

grown under standard conditions (18.61±0.32 %). 

A significant enhancement of lipid biosynthesis was obtained in P. tricornutum N-, compared 

to P. tricornutum grown under standard conditions (from 18.61±0.32 % to 25.31±0.6 %) 

(Fig.4). 

Fatty acid composition, as expected, showed the highest polyunsaturated fatty acids (PUFAs) 

of the long chain n-3 content (Tot n-3) in I. galbana, (8.05±0.49 g 100g-1) followed by 

Nannochloropsis sp. (4.42±0.08 g 100g-1), P. tricornutum grown under standard conditions 

(2.63±0.19 g 100g-1) and P. tricornutum N- (2.05±0.12 g 100g-1) (Fig.5). 
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Figure 5. Fatty acid classes composition g fatty acids/100g sample (g 100g-1) in Nannochloropsis sp. 

(■), I. galbana (■), P. tricornutum (■) and P. tricornutum N- (□). Bars represent the mean ±SEM 

(n=3) with standard deviations. Treatments that do not share the same letter are significantly 

different from each other (P<0.05). 

A comparison between P. tricornutum grown under standard condition and P. tricornutum N- 

showed a significant increase in saturated (6.07±0.11 g 100g-1) and monounsaturated 

(10.68±0.19 g 100g-1) fatty acids in N- condition. In contrast, in P. tricornutum N- Tot n-3 

(2.05±0.12 g 100g-1) and PUFAs of the long chain n-6 (Tot n-6) (0.21±0.01 g 100g-1) did not 

differ significantly from P. tricornutum cultivated under standard conditions (respectively 

2.63±0.19 g 100g-1 and 0.19 ± 0.01 g 100g-1) (Fig.5). 

In P. tricornutum, despite the starvation condition, a good ratio between total lipids (Fig.4) 

and Tot n-3 (Fig.5) was maintained, as in P. tricornutum standard culture. 

The cultivation of microalgae to maximize the efficiency for the production of biomass and 

lipids, needs to take into account n-3 fatty acids proportion [59]. In this context, the fatty acid 

profile has proved to be an important parameter for the selection of cultivable microalgal 

strains [57,59]. 

Microalgae accumulate high amounts of lipids and can be an important source of long-chain 

fatty acids, especially n-3 long-chain PUFAs [60,61]. Lipids, in addition to their role as 

essential nutrients, are known to be good radical scavengers and could be partially responsible 

for the high antioxidant activity of the considered strains [50]. 

In this study, Nannochloropsis sp. followed by I. galbana and P. tricornutum, showed the 

highest lipid content, as already reported in literature [62,63]. 
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Regarding the fatty acid analysis, I. galbana showed the highest content for all classes of fatty 

acids, except Tot n-6, followed by Nannochloropsis sp., which maintained a higher Tot n-6 

content. In the aquaculture sector, Isochrysis sp., is one of the most widely used genera, 

especially the species I. galbana, due to its biochemical profile, rich in PUFAs and ascorbic 

acid [14], together with the genus Nannochloropsis, which is recognised as a good potential 

source of eicosapentaenoic acid (EPA 20:5 (n3)) and widely used in the aquaculture field for 

feeding rotifers and in fish hatcheries, also due to its resistance and ease of culture [15]. 

Microalgae accumulate lipids in the form of triacylglycerols under conditions of 

environmental stress such as nitrogen limitation [64], indicating that nitrogen starvation 

results in lipid accumulation directing their metabolism towards the synthesis of reserve 

compounds, such as lipids and fatty acids, preparing cells at the absence or limitation of 

nutrients [65,66]. 

In the present study, significant differences in the lipid profile were observed between P. 

tricornutum grown under standard and nitrogen starvation condition (N-). P. tricornutum N- 

showed a significant increase in total lipids, however, the polyunsaturated fatty acid fraction 

did not change significantly compared to the standard culture condition. These results suggest 

that although the metabolism in P. tricornutum N- was directed to an increase in the amount 

of total lipids, the fraction of PUFAs did not decrease significantly [67], thus ensuring an 

improvement in productive performances maintaining high qualitative fatty acid fractions 

[68,69].  

Nitrogen is a primary constituent of nucleotides, it modulates the synthesis of proteins and it 

is therefore an essential nutrient for the growth and development of algae [70]. A nitrogen-

limited condition therefore leads microalgae to triglycerides accumulation as lipid droplets in 

the cells [71]. 

This study confirms that the induction of a stress condition through the modulation of the 

culture medium, such as the limitation of nitrogen supply, is efficient in improving lipid 

production, both quantitatively and qualitatively, in P. tricornutum. 

1.4.1.2 Total polyphenol content  

Polyphenols and carotenoids are considered the major contributors to total antioxidant activity 

in microalgae [72–76], due to their relevant role in switching off reactive oxygen species 

(ROS) [72,73,77]. 

The analysed microalgae strains showed significant different total polyphenol content 

(P<0.05) (Fig.6). 
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Figure 6. Total polyphenol content (mg GAE g-1 DW) in Nannochloropsis sp. (■), I. galbana (■), P. 

tricornutum (■) and P. tricornutum N- (□). Bars represent the mean ±SEM (n=3) with standard 

deviations. Treatments that do not share the same letter are significantly different from each other 

(P<0.05). 

The highest polyphenol content was recorded in P. tricornutum (3.07±0.18 mg GAE g-1 DW), 

while the lowest was recorded in Nannochloropsis sp. (0.63±0.04 mg GAE g-1 DW) (Fig.6). 

A significant difference on total polyphenol content was observed between P. tricornutum 

cultivated under standard conditions and P. tricornutum N- (1.12±0.01 mg GAE g-1 DW) 

(Fig.6). 

1.4.1.3 Total carotenoids 

The total carotenoids content (Fig.7) was similar to the total polyphenol content (Fig.6). 

Significantly higher values were observed in P. tricornutum (2.70±0.23 mg g-1 DW), followed 

by I. galbana (1.30±0.05 mg g-1 DW), P. tricornutum N- (0.35±0.01 mg g-1 DW) and 

Nannochloropsis sp. (0.27±0.07 mg g-1 DW) (Fig.7). 
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Figure 7. Total carotenoids (mg g-1 DW) in Nannochloropsis sp. (■), I. galbana (■), P. 

tricornutum (■) and P. tricornutum N- (□). Bars represent the mean ±SEM (n=3) with standard 

deviations. Treatments that do not share the same letter are significantly different from each other 

(P<0.05). 

1.4.1.4 Antioxidant activity  

The DPPH radical scavenging activity results, expressed as IC50, showed the highest 

antioxidant activity in P. tricornutum (6.78±1.37 mg DW mL-1) (Fig.8a), in accordance with 

the higher content of polyphenols (Fig.6) and total carotenoids (Fig.7) observed for this strain.  

  

Figure 8. DPPH radical scavenging activity (IC50, mg DW mL-1) and Reducing power (EC50, mg mL-1) in 

Nannochloropsis sp. (■), I. galbana (■), P. tricornutum (■) and P. tricornutum N- (□). Bars represent the mean 

±SEM (n=3) with standard deviations. Treatments that do not share the same letter are significantly different 

from each other (P<0.05). 

The lowest antioxidant activity was observed in Nannochloropsis sp. (40.34±11.79 mg DW 

mL-1) (Fig. 8a), concomitant with the lowest content of total polyphenols and carotenoids 

(Fig.6 and Fig.7).  

a) b) 
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Regarding the results of reducing power expressed as EC50 (Figure 8b), P. tricornutum 

showed a higher reducing power (172.71±2.90 mg DW mL-1), although no significant 

differences were recorded compared to P. tricornutum N- (249±66.94 mg DW mL-1) and I. 

galbana (189.58±23.25 mg DW mL-1). Nannochloropsis sp. showed a significantly lower 

reducing power (503.89±225.19 mg DW mL-1) (Fig.8b). 

Antioxidant content results showed a significantly higher content of polyphenols and total 

carotenoids in P. tricornutum (Fig.6 and Fig.7), with a higher antioxidant activity as 

evidenced by the DPPH values (Fig.8a) expressed as IC50, and by the reducing power test 

(Fig.8b) expressed as EC50. Significantly lower values were observed for Nannochloropsis 

sp. for all the studied parameters (Fig.4-8). 

Antioxidant content analysis of the three microalgae strains showed that the higher is the lipid 

content, the lower is the antioxidant content. As confirmed by the DPPH radical scavenging 

activity test and reducing power test (Fig.8a and b). 

In order to assess the antioxidant capacity induced by Nannochloropsis sp., Isochrysis 

galbana and P. tricornutum extracts, the total carotenoid and polyphenol content was 

determined in ethanol extracts. In marine algae the production of secondary metabolites is a 

protective mechanism as a response to stress conditions [5,78,79]. For this reason, the 

modulation of microalgae growth condition can act as a controlling factor in the production of 

their secondary metabolites [80]. 

The obtained results in terms of polyphenol content, carotenoid content and antioxidant 

activity in Nannochloropsis sp., Isochrysis galbana and P. tricornutum were in agreement 

with Goiris et al. [81], Maadane et al. [50]. and Safafar et al. [73]. P. tricornutum cultivated 

under standard conditions showed a higher polyphenol and carotenoid content resulting in 

higher antioxidant activity than the other microalgae strains considered, as evidenced by the 

IC50 of DPPH (Figure 6) and by the reducing power test (Fig.7) expressed as EC50. Instead, 

in P. tricornutum N- a change in the quantity and quality of microalgal antioxidant production 

in terms of total polyphenol and carotenoid content occurred. 

Nutrient stress and its combination with other stressors can induce lipids accumulation, as 

reported for the microalgae Tetraselmis sp. and Chlorella vulgaris [80,82,83] when nutrient 

stress was combined with salinity stress, with the use of phythormons in Chlorella 

sorokiniana [80,84] and of wastewaters in C. vulgaris and P. tricornutum [80,83,85]. 

In agreement with other authors [86–88], P. tricornutum N- addressed its metabolism in the 

accumulation of high-calorie nutrients, such as lipids, to contrast a condition they recognised 

as energetically disadvantageous. 
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The used techniques allowed to quantify the lipids and antioxidants production yields of 

Nannochloropsis sp., Isochrysis galbana, P. tricornutum and P. tricornutum cultivated under 

nitrogen starvation and the transfer of the cultivation techniques on a pilot scale. Furthermore, 

this study confirmed the ability of P. tricornutum to adapt its lipid metabolism according to 

the nutritional input.  

1.4.2 Macroalgal and halophyte global extract yields, antioxidant extraction and 

antioxidant activity 

1.4.2.1 Gracilaria gracilis extractive methods comparison  

Since seaweeds are receiving significant attention for their potential as natural antioxidants, 

the total global yield, the total polyphenol contents, the antioxidant activity and the reducing 

power of the marine red macroalga Gracilaria gracilis were determined in this work. 

Extraction methods using Ethanol 96%, absolute Methanol and SFE (supercritical fluid 

extraction) were performed and compared.  

The results obtained showed a significant effect of the extraction method on the G. gracilis 

global yield. In fact, Methanol extraction was the most efficient (5.35±0.63%), followed by 

Ethanol 96% (3.81±0.52%) and SFE (0.36±0.05%) (Fig. 9). 
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Figure 9. G. gracilis global yield (%) (a) extracted by Ethanol 96%, Methanol and SFE. Bars represent the mean 

±SEM (n=3) with standard deviations. Treatments that do not share the same letter are significantly different 

from each other (P<0.05).  

The total polyphenol content was significantly higher in the extracts obtained with Ethanol 

96% (22.54±1.45 mg GAE g-1 DW), followed by Methanol (15.84±1.56 mg GAE g-1 DW) and 

SFE (3.03±0.93 mg GAE g-1 DW) (Fig. 10). 

 

Figure 10. Total polyphenol content (mg GAE g-1 DW) in G. gracilis extracted by Ethanol 96%, Methanol and 

SFE. Bars represent the mean ±SEM (n=3) with standard deviations. Treatments that do not share the same letter 

are significantly different from each other (P<0.05). 

However, the antioxidant power of G. gracilis extracts obtained by Methanol and SFE with 

co-solvent (Ethanol 96%) showed higher antioxidant activity (DPPH IC50) (respectively 
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8.59±1.07 mg DW mL-1 and 10.35±1.05 mg DW mL-1) than Ethanol 96% (10.35±1.05 mg 

DW mL-1) (Fig. 11a); while the highest reducing power value EC50 was obtained by SFE 

(36.54±5.7) (Fig. 11b). 

  

Figure 11. (a) DPPH radical scavenging activity (IC 50, mg DW mL-1) and (b) Reducing power (EC50, mg mL-

1) in G. gracilis extracted by Ethanol 96%, Methanol and SFE. Bars represent the mean ±SEM (n=3) with 

standard deviations. Treatments that do not share the same letter are significantly different from each other 

(P<0.05). 

The results obtained showed a significant effect of the extraction method on the antioxidant 

power of G. gracilis extracts. Similar results were obtained by Ospina et al. [89] with SFE 

and co-solvent for Gracilaria mammillaris with EtOH 8% (w/w) at 60° C and 100bar 

pressure, where the extraction yield was 1.40 (%w/w) and the total phenolic content was 

2.862 (mg GAE/g).  

Chan [90] and Sasadara [91] instead obtained different results, compared to ours, using 

chemical solvent extractions in G. changii and Bulung sangu (Gracilaria sp.). In particular, 

the highest antioxidant activity was obtained with ethyl acetate and Ethanol 100%, suggesting 

that the species and the antioxidant extraction technique could influence polyphenols 

antioxidant activity. 

The production of polyphenols in G. gracilis inhibits ROS-oxidative stress production and 

have antibacterial properties, as observed by Afonso et al. [92], making those compounds 

valuable additive for functional fish feed.  

Same results were achieved by Passos et al. [93] which, adding G. gracilis extracted 

compounds as diets supplement in Sparus aurata feed, improved fish growth, health, and 

bacterial resistance. 

These properties make Gracilaria spp. an interesting source for the production of bioactive 

compounds that have a very wide range of applications: cytotoxic, contraceptive, 

antimicrobial, antiviral, antifungal, antiparasitic, antihypertensive, antioxidant, anti-

inflammatory and analgesic [79] and for bioremediation [39]. These observations highlight 

a) b) 
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the great potential of the exploitation of these algae with a view to environmental 

sustainability, sustainable aquaculture development and human health. 

1.4.2.2 Arthrocnemum macrostachyum extractive methods comparison  

Considering the importance of halophyte for their capacity to increase the production of 

secondary metabolites, such as polyphenolic compounds, under stress conditions [43], A. 

macrostachyum total global yield, total polyphenol contents, antioxidant activity and reducing 

power were investigated, comparing three extraction methods, using Acetone 70%, N-hexane 

and SFE (supercritical fluid extraction).  

The extraction method had a significant effect on the A. macrostachyum global yield, in fact 

Acetone 70% extraction showed the highest efficiency (21.15±2.3%), followed by N-hexane 

(15.3±1.3%) and SFE (0.26±0.05%) (Fig. 12). 

 

Figure 12. A. macrostachyum global yield (%) extracted by Acetone 70%, N-hexane and SFE. Bars represent 

the mean ±SEM (n=3) with standard deviations. Treatments that do not share the same letter are significantly 

different from each other (P<0.05). 

A. macrostachyum total polyphenol content was significantly higher in Acetone 70% 

extraction (98.53±7.5 mg GAE g-1 DW), followed by N-hexane (43.99±3.2 mg GAE g-1 DW) 

and SFE (1.61±0.2 mg GAE g-1 DW) (Fig. 13). 
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Figure 13. Total polyphenol content (mg GAE g-1 DW) in A. macrostachyum extracted by Acetone 70%, N-

hexane and SFE. Bars represent the mean ±SEM (n=3) with standard deviations. Treatments that do not share 

the same letter are significantly different from each other (P<0.05). 

Despite the extraction technique showed a higher extraction capacity of antioxidants using 

Acetone 70%, A. macrostachyum extracts showed the highest antioxidant activity (DPPH 

IC50) by N-hexane, followed by SFE (respectively 3.94±1 mg DW mL-1 and 27.55±3.4 mg 

DW mL-1) (Fig. 14a), while the highest reducing power value EC50 was obtained by SFE 

(19.95±1.9 mg DW mL-1) (Fig. 14b). 

  

Figure 14. (a) DPPH radical scavenging activity (IC 50, mg DW mL-1) and (b) Reducing power (EC50, mg mL-

1) in A. macrostachyum extracted by Acetone 70%, N-hexane and SFE. Bars represent the mean ±SEM (n=3) 

with standard deviations. Treatments that do not share the same letter are significantly different from each other 

(P<0.05). 

The extraction of polyphenols from halophytes is constantly attracting interest from industries 

due to their high antioxidant and antimicrobial activity, giving these plants increasing 

popularity for use and application in the agro-food, pharmaceutical and cosmetic industries 

[33]. 

a) b) 
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It is known that the total phenolic content of A. macrostachyum, ranging from 0.09 to 71.6 mg 

GAE g-1 DW, is strictly connected to the extraction method, to the used solvent and to the 

geographical origin of the plant [94]. With regard to SFE method, there are no data available 

in the literature for this species. Since both solvents and SFE conditions may vary depending 

on the species studied, leading to variations in yield and quality of the extracts, as observed by 

Cristina et al. [95] for the species Crithmum maritimum and Salicornia europaea, further 

studies are needed to deepen the knowledge on SFE and co-solvent extractive method for A. 

macrostachyum. 

Nevertheless, even if both the extracts of G. gracilis (Fig. 9) and A. macrostachyum (Fig. 12) 

obtained with SFE had the lowest yield (P < 0.05), compared to extractions with organic 

solvents, the extracts obtained using SFE eco-friendly technique showed the highest 

antioxidant activity. SFE could be considered the best extractive technique, among those 

tested, for the sustainable production of G. gracilis and A. macrostachyum bioactive 

compounds. 

1.5 Conclusions 

The experimental activity described in this chapter was aimed at deepening the basic 

knowledge on the production performances of two microalgae strains Nannochloropsis sp., 

Isochrysis galbana widely used in the aquaculture sector and of the microalga Phaeodactylum 

tricornutum cultivated under nitrogen supply and nitrogen starvation, through a comparative 

evaluation of lipids and antioxidants of high interest. Moreover, this study was focused on the 

assessment of polyphenols extraction from the macroalga Gracilaria gracilis and the 

halophyte Arthrocnemum macrostachyum, for their use as a source of antioxidants in the 

nutraceutical and cosmeceutical sectors, comparing traditional extractive methods with green 

methods. 

The obtained results showed that microalgae are a good source of lipids and bioactive 

compounds as carotenoids and polyphenols and that their production can be modulated 

through different culture conditions. Regarding G. gracilis and A. macrostachyum, the 

obtained results as well as showing a high production of secondary metabolites, the highest 

antioxidant activity of the extracts was obtained by green Supercritical Fluid Extraction. 

Therefore, their cultivation in IMTA systems make them good candidates for the extraction of 

bioactive compounds to be utilized in nutraceutical and cosmeceutical fields.  



52 

 

 

1.6 References 

[1] V. Dolganyuk, D. Belova, O. Babich, A. Prosekov, S. Ivanova, D. Katserov, N. 

Patyukov, S. Sukhikh, Microalgae: A promising source of valuable bioproducts, 

Biomolecules. 10 (2020) 1–24. https://doi.org/10.3390/biom10081153. 

[2] W. Levasseur, P. Perré, V. Pozzobon, A review of high value-added molecules 

production by microalgae in light of the classification, Biotechnol. Adv. 41 (2020) 

107545. https://doi.org/10.1016/j.biotechadv.2020.107545. 

[3] D. Knowler, T. Chopin, R. Martínez-Espiñeira, A. Neori, A. Nobre, A. Noce, G. Reid, 

The economics of Integrated Multi-Trophic Aquaculture: where are we now and where 

do we need to go?, Rev. Aquac. 12 (2020) 1579–1594. 

https://doi.org/10.1111/raq.12399. 

[4] M. Thomas, A. Pasquet, J. Aubin, S. Nahon, T. Lecocq, When more is more: taking 

advantage of species diversity to move towards sustainable aquaculture, Biol. Rev. 96 

(2021) 767–784. https://doi.org/10.1111/brv.12677. 

[5] Y.H. Park, S. Il Han, B. Oh, H.S. Kim, M.S. Jeon, S. Kim, Y.E. Choi, Microalgal 

secondary metabolite productions as a component of biorefinery: A review, Bioresour. 

Technol. 344 (2022) 126206. https://doi.org/10.1016/J.BIORTECH.2021.126206. 

[6] B. Mishra, A. Tiwari, A.E.D. Mahmoud, Microalgal potential for sustainable 

aquaculture applications: bioremediation, biocontrol, aquafeed, Clean Technol. 

Environ. Policy. 1 (2022) 1–13. https://doi.org/10.1007/s10098-021-02254-1. 

[7] D. Nagarajan, S. Varjani, D.J. Lee, J.S. Chang, Sustainable aquaculture and animal 

feed from microalgae – Nutritive value and techno-functional components, Renew. 

Sustain. Energy Rev. 150 (2021) 111549. 

https://doi.org/10.1016/J.RSER.2021.111549. 

[8] Q. Lu, P. Han, Y. Xiao, T. Liu, F. Chen, L. Leng, H. Liu, W. Zhou, The novel 

approach of using microbial system for sustainable development of aquaponics, J. 

Clean. Prod. 217 (2019) 573–575. https://doi.org/10.1016/j.jclepro.2019.01.252. 

[9] B. Ramesh Kumar, G. Deviram, T. Mathimani, P.A. Duc, A. Pugazhendhi, Microalgae 

as rich source of polyunsaturated fatty acids, Biocatal. Agric. Biotechnol. 17 (2019) 

583–588. https://doi.org/10.1016/J.BCAB.2019.01.017. 



53 

 

[10] S. Hemaiswarya, R. Raja, R.R. Kumar, V. Ganesan, C. Anbazhagan, Microalgae: A 

sustainable feed source for aquaculture, World J. Microbiol. Biotechnol. 27 (2011) 

1737–1746. https://doi.org/10.1007/s11274-010-0632-z. 

[11] A. Udayan, · Ashutosh, K. Pandey, P. Sharma, N. Sreekumar, · Sunil Kumar, 

Emerging industrial applications of microalgae: challenges and future perspectives, 

Syst. Microbiol. Biomanufacturing 2021 14. 1 (2021) 411–431. 

https://doi.org/10.1007/S43393-021-00038-8. 

[12] S. Rakesh, A.M. Alsamman, M.M. Mokhtar, B. Ray, Phycoremediation of aquaculture 

wastewater and algal lipid extraction for fuel conversion Phycoremediation of 

aquaculture wastewater and algal lipid extrac-tion for fuel conversion, (2022). 

https://doi.org/10.36462/H.BioSci.202201. 

[13] M.R. Gauthier, G.N.A. Senhorinho, J.A. Scott, Microalgae under environmental stress 

as a source of antioxidants, Algal Res. 52 (2020) 102104. 

https://doi.org/10.1016/j.algal.2020.102104. 

[14] Y. Sun, H. Wang, G. Guo, Y. Pu, B. Yan, The isolation and antioxidant activity of 

polysaccharides from the marine microalgae Isochrysis galbana, Carbohydr. Polym. 

113 (2014) 22–31. https://doi.org/10.1016/J.CARBPOL.2014.06.058. 

[15] J. Camacho-Rodríguez, A.M. González-Céspedes, M.C. Cerón-García, J.M. 

Fernández-Sevilla, F.G. Acién-Fernández, E. Molina-Grima, A quantitative study of 

eicosapentaenoic acid (EPA) production by Nannochloropsis gaditana for aquaculture 

as a function of dilution rate, temperature and average irradiance, Appl. Microbiol. 

Biotechnol. 98 (2014) 2429–2440. https://doi.org/10.1007/S00253-013-5413-9. 

[16] L.T. Guerra, O. Levitan, M.J. Frada, J.S. Sun, P.G. Falkowski, G.C. Dismukes, 

Regulatory branch points affecting protein and lipid biosynthesis in the diatom 

Phaeodactylum tricornutum, Biomass and Bioenergy. 59 (2013) 306–315. 

https://doi.org/10.1016/j.biombioe.2013.10.007. 

[17] Z.-K. Yang, Y.-F. Niu, Y.-H. Ma, J. Xue, M.-H. Zhang, W.-D. Yang, J.-S. Liu, S.-H. 

Lu, Y. Guan, H.-Y. Li, Molecular and cellular mechanisms of neutral lipid 

accumulation in diatom following nitrogen deprivation, Biotechnol. Biofuels. 6 (2013) 

67. https://doi.org/10.1186/1754-6834-6-67. 

[18] J. Xue, Y.F. Niu, T. Huang, W.D. Yang, J.S. Liu, H.Y. Li, Genetic improvement of the 



54 

 

microalga Phaeodactylum tricornutum for boosting neutral lipid accumulation, Metab. 

Eng. 27 (2015) 1–9. https://doi.org/10.1016/j.ymben.2014.10.002. 

[19] P. Spolaore, C. Joannis-Cassan, E. Duran, A. Isambert, Commercial applications of 

microalgae, J. Biosci. Bioeng. 101 (2006) 87–96. https://doi.org/10.1263/jbb.101.87. 

[20] A.C. Guedes, F.X. Malcata, Nutritional value and uses of microalgae in aquaculture, 

in: Aquaculture, 2012: pp. 59–76. 

https://books.google.it/books?hl=it&lr=&id=wDqZDwAAQBAJ&oi=fnd&pg=PA59&

dq=Guedes+AC,+Malcata+FX+(2012b).+Nutritional+Value+and+Uses+of+Microalga

e+in+Aquaculture.+In:+Muchlisin+DZ,+editor.+Aquaculture,+59–

77.&ots=HLBsgTIvzY&sig=WHAYuLSwFvMxh8AUHhyKaxJQo7s# (accessed 

February 15, 2022). 

[21] L. Rodolfi, G.C. Zittelli, N. Bassi, G. Padovani, N. Biondi, G. Bonini, M.R. Tredici, 

Microalgae for oil: Strain selection, induction of lipid synthesis and outdoor mass 

cultivation in a low-cost photobioreactor, Biotechnol. Bioeng. 102 (2009) 100–112. 

https://doi.org/10.1002/bit.22033. 

[22] J.P. Fidalgo, A. Cid, E. Torres, A. Sukenik, C. Herrero, Effects of nitrogen source and 

growth phase on proximate biochemical composition, lipid classes and fatty acid 

profile of the marine microalga Isochrysis galbana, Aquaculture. 166 (1998) 105–116. 

https://doi.org/10.1016/s0044-8486(98)00278-6. 

[23] D.L. Alonso, E.H. Belarbi, J.M. Fernández-Sevilla, J. Rodríguez-Ruiz, E.M. Grima, 

Acyl lipid composition variation related to culture age and nitrogen concentration in 

continuous culture of the microalga Phaeodactylum tricornutum, Phytochemistry. 54 

(2000) 461–471. https://doi.org/10.1016/S0031-9422(00)00084-4. 

[24] M. Siaut, S. Cuiné, C. Cagnon, B. Fessler, M. Nguyen, P. Carrier, A. Beyly, F. 

Beisson, C. Triantaphylidès, Y. Li-Beisson, G. Peltier, Oil accumulation in the model 

green alga Chlamydomonas reinhardtii: characterization, variability between common 

laboratory strains and relationship with starch reserves, BMC Biotechnol. 11 (2011) 7. 

[25] S.H. Ho, C.Y. Chenb, J.S. Chang, Effect of light intensity and nitrogen starvation on 

CO2 fixation and lipid/carbohydrate production of an indigenous microalga 

Scenedesmus obliquus CNW-N, Bioresour. Technol. 113 (2012) 244–252. 

[26] S. Boussiba, Carotenogenesis in the green alga Haematococcus pluvialis: Cellular 



55 

 

physiology and stress response, Physiol. Plant. 108 (2000) 111–117. 

https://doi.org/10.1034/j.1399-3054.2000.108002111.x. 

[27] L. Pirastru, M. Darwish, F.L. Chu, F. Perreault, L. Sirois, L. Sleno, R. Popovic, 

Carotenoid production and change of photosynthetic functions in Scenedesmus sp. 

exposed to nitrogen limitation and acetate treatment, J. Appl. Phycol. 24 (2012) 117–

124. https://doi.org/10.1007/s10811-011-9657-4. 

[28] Y. Durmaz, Vitamin E (α-tocopherol) production by the marine microalgae 

Nannochloropsis oculata (Eustigmatophyceae) in nitrogen limitation, Aquaculture. 272 

(2007) 717–722. https://doi.org/10.1016/j.aquaculture.2007.07.213. 

[29] H.H. Abd El-Baky, F.K. El Baz, G.S. El-Baroty, Production of Antioxidant by the 

Green Alga Dunaliella salina, Int. J. Agric. Biol. 6 (2004) 49–57. 

[30] T. Vladkova, N. Georgieva, A. Staneva, D. Gospodinova, Recent Progress in 

Antioxidant Active Substances from Marine Biota, Antioxidants 2022, Vol. 11, Page 

439. 11 (2022) 439. https://doi.org/10.3390/ANTIOX11030439. 

[31] A. Edreva, V. Velikova, T. Tsonev, S. Dagnon, E. Gesheva, STRESS-PROTECTIVE 

ROLE OF SECONDARY METABOLITES : DIVERSITY OF FUNCTIONS AND 

MECHANISMS, Gen. Appl. Plant Physiol. (2008) 67–78. 

[32] S. Lomartire, A.M.M. Gonçalves, An Overview of Potential Seaweed-Derived 

Bioactive Compounds for Pharmaceutical Applications, Mar. Drugs. 20 (2022) 1–32. 

https://doi.org/10.3390/md20020141. 

[33] M. Lopes, A. Sanches-Silva, M. Castilho, C. Cavaleiro, F. Ramos, Halophytes as 

source of bioactive phenolic compounds and their potential applications, Crit. Rev. 

Food Sci. Nutr. (2021) 1–24. https://doi.org/10.1080/10408398.2021.1959295. 

[34] P. Torres, J.P. Santos, F. Chow, D.Y.A.C. dos Santos, A comprehensive review of 

traditional uses, bioactivity potential, and chemical diversity of the genus Gracilaria 

(Gracilariales, Rhodophyta), Algal Res. 37 (2019) 288–306. 

https://doi.org/10.1016/j.algal.2018.12.009. 

[35] FAO, The State of World Fisheries and Aquaculture 2020. Sustainability in action., 

Rome, 2020. https://doi.org/10.4060/ca9229en. 

[36] C.L.F. de Almeida, H. de S. Falcão, G.R. d. M. Lima, C. de A. Montenegro, N.S. Lira, 

P.F. de Athayde-Filho, L.C. Rodrigues, M.F. V. de Souza, J.M. Barbosa-Filho, L.M. 



56 

 

Batista, Bioactivities from marine algae of the genus Gracilaria, Int. J. Mol. Sci. 12 

(2011) 4550–4573. https://doi.org/10.3390/ijms12074550. 

[37] Y. Zhou, H. Yang, H. Hu, Y. Liu, Y. Mao, H. Zhou, X. Xu, F. Zhang, Bioremediation 

potential of the macroalga Gracilaria lemaneiformis (Rhodophyta) integrated into fed 

fish culture in coastal waters of north China, Aquaculture. 252 (2006) 264–276. 

https://doi.org/10.1016/j.aquaculture.2005.06.046. 

[38] Y.F. Yang, X.G. Fei, J.M. Song, H.Y. Hu, G.C. Wang, I.K. Chung, Growth of 

Gracilaria lemaneiformis under different cultivation conditions and its effects on 

nutrient removal in Chinese coastal waters, Aquaculture. 254 (2006) 248–255. 

https://doi.org/10.1016/j.aquaculture.2005.08.029. 

[39] N. Spanò, D. Di Paola, M. Albano, A. Manganaro, M. Sanfilippo, C. D’Iglio, G. 

Capillo, S. Savoca, Growth performance and bioremediation potential of Gracilaria 

gracilis (Steentoft, L.M. Irvine & Farnham, 1995), Int. J. Environ. Stud. (2021). 

https://doi.org/10.1080/00207233.2021.1954775. 

[40] Y.A. El-Amier, W. Soufan, K.F. Almutairi, N.S. Zaghloul, A.M. Abd-Elgawad, 

Proximate composition, bioactive compounds, and antioxidant potential of wild 

halophytes grown in coastal salt marsh habitats, Molecules. 27 (2022). 

https://doi.org/10.3390/molecules27010028. 

[41] C.M. Messina, G. Renda, V.A. Laudicella, R. Trepos, M. Fauchon, C. Hellio, A. 

Santulli, From ecology to biotechnology, study of the defense strategies of algae and 

halophytes (from trapani saltworks, NW sicily) with a focus on antioxidants and 

antimicrobial properties, Int. J. Mol. Sci. 20 (2019) 881. 

https://doi.org/10.3390/ijms20040881. 

[42] U. Waller, A.K. Buhmann, A. Ernst, V. Hanke, A. Kulakowski, B. Wecker, J. Orellana, 

J. Papenbrock, Integrated multi-trophic aquaculture in a zero-exchange recirculation 

aquaculture system for marine fish and hydroponic halophyte production, Aquac. Int. 

23 (2015) 1473–1489. https://doi.org/10.1007/S10499-015-9898-3/TABLES/5. 

[43] R. Arena, S. Manuguerra, E. Collins, A. Mahdhi, G. Renda, C.M. Messina, A. Santulli, 

Antioxidant properties of a supercritical fluid extract of the halophyte 

Mesembryanthemum nodiflorum L. from sicilian coasts: Nutraceutical and 

cosmeceutical applications, Appl. Sci. 10 (2020). https://doi.org/10.3390/app10072374. 



57 

 

[44] M. Herrero, A. Cifuentes, E. Ibañez, Sub- and supercritical fluid extraction of 

functional ingredients from different natural sources: Plants, food-by-products, algae 

and microalgae - A review, Food Chem. 98 (2006) 136–148. 

https://doi.org/10.1016/j.foodchem.2005.05.058. 

[45] J. Folch, M. Lees, G.H.S. Stanley, A simple method for the isolation and purification of 

total lipids from animal tissues, J. Biol. Chem. 226 (1957) 497–509. 

https://doi.org/10.1007/s10858-011-9570-9. 

[46] G. Lepage, C.C. Roy, Improved recovery of fatty acid through direct transesterification 

without prior extraction or purification, J. Lipid Res. 25 (1984) 1391–1396. 

[47] C.M. Messina, G. Renda, L. La Barbera, A. Santulli, By-products of farmed European 

sea bass (Dicentrarchus labrax L.) as a potential source of n-3 PUFA, Biol. 68 (2013) 

288–293. https://doi.org/10.2478/s11756-013-0148-8. 

[48] C.M. Messina, A. Troia, R. Arena, S. Manuguerra, T. Ioannou, E. Curcuraci, G. Renda, 

C. Hellio, A. Santulli, Species-specific antioxidant power and bioactive properties of 

the extracts obtained from wild mediterranean Calendula Spp. (Asteraceae), Appl. Sci. 

9 (2019) 4627. https://doi.org/10.3390/app9214627. 

[49] K. Miazek, S. Ledakowicz, Chlorophyll extraction from leaves, needles and 

microalgae: A kinetic approach, Int. J. Agric. Biol. Eng. 6 (2013) 107–115. 

https://doi.org/10.3965/j.ijabe.20130602.0012. 

[50] A. Maadane, N. Merghoub, T. Ainane, H. El Arroussi, R. Benhima, S. Amzazi, Y. 

Bakri, I. Wahby, Antioxidant activity of some Moroccan marine microalgae: Pufa 

profiles, carotenoids and phenolic content, J. Biotechnol. 215 (2015) 13–19. 

https://doi.org/10.1016/J.JBIOTEC.2015.06.400. 

[51] H.K. Lichtenthaler, C. Buschmann, Chlorophylls and Carotenoids: Measurement and 

Characterization by UV-VIS Spectroscopy, Curr. Protoc. Food Anal. Chem. 1 (2001) 

F4.3.1-F4.3.8. https://doi.org/10.1002/0471142913.FAF0403S01. 

[52] V. Folin, O., Ciocalteu, Tyrosine and Tryptophane in Proteins, J. Biol. Chem. 73 

(1927) 627–650. 

[53] V.L. Singleton, J.A. Rossi, Colorimetry of Total Phenolics with Phosphomolybdic-

Phosphotungstic Acid Reagents, Am. J. Enol. Vitic. 16 (1965) 144–158. 

[54] N. Dhouibi, S. Manuguerra, R. Arena, A. Mahdhi, C.M. Messina, A. Santulli, H. 



58 

 

Dhaouadi, Screening of antioxidant potentials and bioactive properties of the extracts 

obtained from two Centaurea L. species (C. kroumirensis coss. and C. sicula L. subsp 

sicula), Appl. Sci. 10 (2020) 2267. https://doi.org/10.3390/app10072267. 

[55] J. Bernatoniene, R. Masteikova, J. Davalgiene, R. Peciura, R. Gauryliene, R. 

Bernatoniene, D. Majiene, R. Lazauskas, G. Civinskiene, S. Velziene, J. Muselik, Z. 

Chalupova, Topical application of calendula officinalis (L.): Formulation and 

evaluation of hydrophilic cream with antioxidant activity, J. Med. Plants Res. 5 (2011) 

868–877. 

[56] H. Falleh, R. Ksouri, F. Medini, S. Guyot, C. Abdelly, C. Magné, Antioxidant activity 

and phenolic composition of the medicinal and edible halophyte Mesembryanthemum 

edule L., Ind. Crops Prod. 34 (2011) 1066–1071. 

https://doi.org/10.1016/j.indcrop.2011.03.018. 

[57] Fernandes T., Cordeiro N., Microalgae as Sustainable Biofactories to ProduceHigh-

Value Lipids: Biodiversity, Exploitation, and Biotechnological Applications, Mar. 

Drugs. 19 (2021) 1–24. 

[58] Yarnold J., Karan H., Oey M., Hankamer B., Microalgal Aquafeeds As Part of a 

Circular Bioeconomy | Elsevier Enhanced Reader, Trends Plant Sci. 24 (2019) 959–

970. 

[59] Perdana B.A., Chaidir Z., Kusnanda A.J., Dharma A., Zakaria I.J., Syafrizayanti, Bayu 

A., Putra M.Y., Omega-3 fatty acids of microalgae as a food supplement: A review of 

exogenous factors for production enhancement | Elsevier Enhanced Reader, Algal Res. 

60 (2021). 

[60] D.A. Martins, L. Custódio, L. Barreira, H. Pereira, R. Ben-Hamadou, J. Varela, K.M. 

Abu-Salah, Alternative Sources of n-3 Long-Chain Polyunsaturated Fatty Acids in 

Marine Microalgae, Mar. Drugs 2013, Vol. 11, Pages 2259-2281. 11 (2013) 2259–

2281. https://doi.org/10.3390/MD11072259. 

[61] B. Liu, C. Benning, Lipid metabolism in microalgae distinguishes itself, Curr. Opin. 

Biotechnol. 24 (2013) 300–309. https://doi.org/10.1016/J.COPBIO.2012.08.008. 

[62] E. Ryckebosch, C. Bruneel, R. Termote-Verhalle, K. Muylaert, I. Foubert, Influence of 

extraction solvent system on extractability of lipid components from different 

microalgae species, Algal Res. 3 (2014) 36–43. 



59 

 

https://doi.org/10.1016/J.ALGAL.2013.11.001. 

[63] L. Li, J. Cui, Q. Liu, Y. Ding, J. Liu, Screening and phylogenetic analysis of lipid-rich 

microalgae, Algal Res. 11 (2015) 381–386. 

https://doi.org/10.1016/J.ALGAL.2015.02.028. 

[64] Q. Hu, M. Sommerfeld, E. Jarvis, M. Ghirardi, M. Posewitz, M. Seibert, A. Darzins, 

Microalgal triacylglycerols as feedstocks for biofuel production: perspectives and 

advances, Plant J. 54 (2008) 621–639. https://doi.org/10.1111/J.1365-

313X.2008.03492.X. 

[65] T. Giri, U. Goutam, A. Arya, S. Gautam, Effect of Nutrients on Diatom Growth: A 

Review, Trends Sci. 19 (2022) 1752. https://doi.org/10.48048/tis.2022.1752. 

[66] J. Longworth, D. Wu, M. Huete-Ortega, P.C. Wright, S. Vaidyanathan, Proteome 

response of Phaeodactylum tricornutum, during lipid accumulation induced by nitrogen 

depletion, Algal Res. 18 (2016) 213–224. https://doi.org/10.1016/j.algal.2016.06.015. 

[67] M.Á. Rincón-Cervera, R. Bravo-Sagua, R.A. Manólio Soares Freitas, S. López-Arana, 

A.C. de Camargo, Monounsaturated and polyunsaturated fatty acids: structure, food 

sources, biological functions, and their preventive role against noncommunicable 

diseases, Bioact. Food Components Act. Mech. Approach. (2022) 185–210. 

https://doi.org/10.1016/B978-0-12-823569-0.00005-9. 

[68] B.R. Kumar, G. Deviram, T. Mathimani, P.A. Duc, Biocatalysis and Agricultural 

Biotechnology Microalgae as rich source of polyunsaturated fatty acids, Biocatal. 

Agric. Biotechnol. 17 (2019) 583–588. https://doi.org/10.1016/j.bcab.2019.01.017. 

[69] Y. Maltsev, K. Maltseva, Fatty acids of microalgae: diversity and applications, Rev. 

Environ. Sci. Bio/Technology 2021 202. 20 (2021) 515–547. 

https://doi.org/10.1007/S11157-021-09571-3. 

[70] J. Sharma, S.S. Kumar, N.R. Bishnoi, A. Pugazhendhi, Enhancement of lipid 

production from algal biomass through various growth parameters, J. Mol. Liq. 269 

(2018) 712–720. https://doi.org/10.1016/J.MOLLIQ.2018.08.103. 

[71] K. Zienkiewicz, Z. Du, W. Ma, K. Vollheyde, C. Benning, Stress-induced neutral lipid 

biosynthesis in microalgae — Molecular, cellular and physiological insights, Biochim. 

Biophys. Acta. 1861 (2016) 1269–1281. 

[72] S. Zhang, Y. He, B. Sen, G. Wang, Reactive oxygen species and their applications 



60 

 

toward enhanced lipid accumulation in oleaginous microorganisms, Bioresour. 

Technol. 307 (2020) 123234. https://doi.org/10.1016/J.BIORTECH.2020.123234. 

[73] H. Safafar, J. Van Wagenen, P. Møller, C. Jacobsen, Carotenoids, Phenolic 

Compounds and Tocopherols Contribute to the Antioxidative Properties of Some 

Microalgae Species Grown on Industrial Wastewater, Mar. Drugs 2015, Vol. 13, Pages 

7339-7356. 13 (2015) 7339–7356. https://doi.org/10.3390/MD13127069. 

[74] M. Hajimahmoodi, M.A. Faramarzi, N. Mohammadi, N. Soltani, M.R. Oveisi, N. 

Nafissi-Varcheh, Evaluation of antioxidant properties and total phenolic contents of 

some strains of microalgae, J. Appl. Phycol. 22 (2010) 43–50. 

https://doi.org/10.1007/S10811-009-9424-Y/TABLES/4. 

[75] K. Goiris, K. Muylaert, I. Fraeye, I. Foubert, J. De Brabanter, L. De Cooman, 

Antioxidant potential of microalgae in relation to their phenolic and carotenoid content, 

J. Appl. Phycol. 24 (2012) 1477–1486. https://doi.org/10.1007/s10811-012-9804-6. 

[76] S. Takaichi, Carotenoids in algae: distributions, biosyntheses and functions, Mar. 

Drugs. 9 (2011) 1101–1118. 

[77] S.C. Foo, F.M. Yusoff, M. Ismail, M. Basri, S.K. Yau, N.M.H. Khong, K.W. Chan, M. 

Ebrahimi, Antioxidant capacities of fucoxanthin-producing algae as influenced by their 

carotenoid and phenolic contents, J. Biotechnol. 241 (2017) 175–183. 

https://doi.org/10.1016/J.JBIOTEC.2016.11.026. 

[78] I.P.S. Fernando, W.W. Lee, G. Ahn, Marine algal flavonoids and phlorotannins; an 

intriguing frontier of biofunctional secondary metabolites, Crit. Rev. Biotechnol. 20 

(2021) 1–23. https://doi.org/10.1080/07388551.2021.1922351. 

[79] B. Pradhan, P.P. Bhuyan, S. Patra, R. Nayak, P.K. Behera, C. Behera, A.K. Behera, J.-

S. Ki, M. Jena, Beneficial effects of seaweeds and seaweed-derived bioactive 

compounds: Current evidence and future prospective, Biocatal. Agric. Biotechnol. 39 

(2022) 102242. https://doi.org/10.1016/J.BCAB.2021.102242. 

[80] A. Udayan, A.K. Pandey, R. Sirohi, N. Sreekumar, B.-I. Sang, S.J. Sim, S.H. Kim, A. 

Pandey, Production of microalgae with high lipid content and their potential as sources 

of nutraceuticals, Phytochem. Rev. (2022) 1–28. https://doi.org/10.1007/s11101-021-

09784-y. 

[81] K. Goiris, K. Muylaert, I. Fraeye, I. Foubert, J. De Brabanter, L. De Cooman, 



61 

 

Antioxidant potential of microalgae in relation to their phenolic and carotenoid content, 

J. Appl. Phycol. 24 (2012) 1477–1486. https://doi.org/10.1007/s10811-012-9804-6. 

[82] H. Park, D. Jung, J. Lee, P. Kim, Y. Cho, I. Jung, Z.-H. Kim, S.-M. Lim, C.-G. Lee, 

Improvement of biomass and fatty acid productivity in ocean cultivation of Tetraselmis 

sp. using hypersaline medium, J. Appl. Phycol. 30 (2018) 2725–2735. 

https://doi.org/10.1007/s10811-018-1388-3. 

[83] S. Mirizadeh, M. Nosrati, & Seyed, A. Shojaosadati, Synergistic Effect of Nutrient and 

Salt Stress on Lipid Productivity of Chlorella vulgaris Through Two-Stage Cultivation, 

Bioenergy Res. 13 (2020) 507–517. https://doi.org/10.1007/s12155-019-10077-8. 

[84] A. Giridhar Babu, X. Wu, A.N. Kabra, D.P. Kim, Cultivation of an indigenous 

Chlorella sorokiniana with phytohormones for biomass and lipid production under N-

limitation, Algal Res. 23 (2017) 178–185. 

https://doi.org/10.1016/J.ALGAL.2017.02.004. 

[85] X.W. Wang, L. Huang, P.Y. Ji, C.P. Chen, X.S. Li, Y.H. Gao, J.R. Liang, Using a 

mixture of wastewater and seawater as the growth medium for wastewater treatment 

and lipid production by the marine diatom Phaeodactylum tricornutum, Bioresour. 

Technol. 289 (2019) 121681. https://doi.org/10.1016/J.BIORTECH.2019.121681. 

[86] Z.K. Yang, Y.F. Niu, Y.H. Ma, J. Xue, M.H. Zhang, W.D. Yang, J.S. Liu, S.H. Lu, Y. 

Guan, H.Y. Li, Molecular and cellular mechanisms of neutral lipid accumulation in 

diatom following nitrogen deprivation, Biotechnol. Biofuels. 6 (2013) 1–14. 

https://doi.org/10.1186/1754-6834-6-67. 

[87] N. Yodsuwan, S. Sawayama, S. Sirisansaneeyakul, Effect of nitrogen concentration on 

growth, lipid production and fatty acid profiles of the marine diatom Phaeodactylum 

tricornutum, Agric. Nat. Resour. 51 (2017) 190–197. 

https://doi.org/10.1016/j.anres.2017.02.004. 

[88] H. Zhang, W. Yin, D. Ma, X. Liu, K. Xu, J. Liu, Phytohormone supplementation 

significantly increases fatty acid content of Phaeodactylum tricornutum in two-phase 

culture, J. Appl. Phycol. 33 (2020) 13–23. https://doi.org/10.1007/s10811-020-02074-

8. 

[89] M. Ospina, H.I. Castro-Vargas, F. Parada-Alfonso, Antioxidant capacity of Colombian 

seaweeds: 1. Extracts obtained from Gracilaria mammillaris by means of supercritical 



62 

 

fluid extraction, J. Supercrit. Fluids. 128 (2017) 314–322. 

https://doi.org/10.1016/j.supflu.2017.02.023. 

[90] P.T. Chan, P. Matanjun, S.M. Yasir, T.S. Tan, Antioxidant activities and polyphenolics 

of various solvent extracts of red seaweed, Gracilaria changii, J. Appl. Phycol. 27 

(2015) 2377–2386. https://doi.org/10.1007/s10811-014-0493-1. 

[91] M.M.V. Sasadara, I.G.P. Wirawan, Effect of extraction solvent on total phenolic 

content, total flavonoid content, and antioxidant activity of Bulung Sangu (Gracilaria 

sp.) Seaweed, in: IOP Conf. Ser. Earth Environ. Sci., IOP Publishing, 2021: p. 012005. 

https://doi.org/10.1088/1755-1315/712/1/012005. 

[92] C. Afonso, A.P. Correia, M. V. Freitas, T. Mouga, T. Baptista, In Vitro Evaluation of 

the Antibacterial and Antioxidant Activities of Extracts of Gracilaria gracilis with a 

View into Its Potential Use as an Additive in Fish Feed, Appl. Sci. 2021, Vol. 11, Page 

6642. 11 (2021) 6642. https://doi.org/10.3390/APP11146642. 

[93] R. Passos, A.P. Correia, I. Ferreira, P. Pires, D. Pires, E. Gomes, B. do Carmo, P. 

Santos, M. Simões, C. Afonso, T. Baptista, Effect on health status and pathogen 

resistance of gilthead seabream (Sparus aurata) fed with diets supplemented with 

Gracilaria gracilis, Aquaculture. 531 (2021) 735888. 

https://doi.org/10.1016/j.aquaculture.2020.735888. 

[94] N.A. ElNaker, A.F. Yousef, L.F. Yousef, A review of Arthrocnemum (Arthrocaulon) 

macrostachyum chemical content and bioactivity, Phytochem. Rev. 19 (2020) 1427–

1448. https://doi.org/10.1007/s11101-020-09686-5. 

[95] C. Cristina, P. Lucia, S. Sara, S. Francesco, D. Nobile Matteo Alessandro, C. Amalia, 

Study of the Efficacy of Two Extraction Techniques from Crithmum maritimum and 

Salicornia europaea, J. Food Nutr. Res. 6 (2018) 456–463. 

https://doi.org/10.12691/jfnr-6-7-6. 



63 

 

Chapter 2 - Culture Conditions Affect Antioxidant Production, Metabolism and Related 

Biomarkers of the Microalgae Phaeodactylum tricornutum 

2.1 Abstract 

Phaeodactylum tricornutum (Bacillariophyta) is a worldwide-distributed diatom with the 

ability to adapt and survive in different environmental habitats and nutrient-limited 

conditions. In this research, we investigated the growth performance, the total lipids 

productivity, the major categories of fatty acids, and the antioxidant content in P. tricornutum 

subjected for 15 days to nitrogen deprivation (N-) compared to standard culture conditions 

(N+). Furthermore, genes and pathways related to lipid biosynthesis (i.e., glucose-6-

phosphate dehydrogenase, acetyl-coenzyme A carboxylase, citrate synthase, and isocitrate 

dehydrogenase) and photosynthetic activity (i.e., ribulose-1,5-bisphospate 

carboxylase/oxygenase and fucoxanthin-chlorophyll a/c binding protein B) were investigated 

through molecular approaches. P. tricornutum grown under starvation condition (N-) 

increased lipids production (42.5 ± 0.19 g/100 g) and decreased secondary metabolites 

productivity (phenolic content: 3.071 ± 0.17 mg GAE g-1; carotenoids: 0.35 ± 0.01 mg g−1) 

when compared to standard culture conditions (N+). Moreover, N deprivation led to an 

increase in the expression of genes involved in fatty acid biosynthesis and a decrease in genes 

related to photosynthesis. These results could be used as indicators of nitrogen limitation for 

environmental or industrial monitoring of P. tricornutum. 

 

KEYWORDS: Phaeodactylum tricornutum; nitrogen stress; gene expression; lipid 

biosynthesis; photosynthesis; antioxidant activity 

 

2.2 Introduction 

From a biotechnological perspective Microalgae are an exceptionally diverse group of 

photosynthetic marine microorganisms that represent the most numerous forms of life in 

marine ecosystems. It is known from the literature that the estimated 72 k species of 

microalgae provide an important contribution to the marine environment and ecosystems [1–

4]. 

These microorganisms can grow in a variety of environments and conditions, from the 

deepest marine system to the polar, playing an essential role in the evolution of life as the 

planet’s primary producers of oxygen and the most abundant food source for marine animals 

[2,3,5]. Diatoms are important marine microalgae, interesting not only for their ecological 
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role but also for their ability to synthesize bioactive compounds useful for both human 

nutrition and nutraceutical and pharmaceutical applications [4,6–10]. In recent decades, the 

development of molecular biology and the evolution of “omics” techniques have increased 

knowledge of marine microorganisms, generating considerable academic and industrial 

interests [4]. 

Microalgae are largely used in aquaculture as a food source or as wastewater treatment [5], in 

biofuel production (limiting nitrogen sources to increase their lipid content) [11], and in the 

cosmeceutical industry for the production of natural bioactive compounds beneficial to 

humans health [12]. Cellular biochemical pathways of energy transfer and production of 

bioactive compounds and metabolic switches in microalgae species are still unexplored [13]. 

For instance, microalgae are able to alter their metabolism and physiology to survive in 

unfavorable conditions [11]. Numerous studies have shown that microalgae under stress 

conditions increase lipid production [14–16] and decrease photosynthetic pigments as 

reported by Longworth et al. [17] in Phaeodactylum tricornutum. Under optimal conditions, 

microalgae produce antioxidant bioactive compounds (i.e., phenolic compounds and 

carotenoids) and fatty acids representing a rich source of PUFAs [18]. 

P. tricornutum exhibits commercial and industrial potentialities, and it is considered a model 

organism for its adaptable capacity to unfavorable conditions [19] such as nitrogen 

deprivation. It is widely used for human nutrition thanks to its high-quality protein content 

and other compounds such as sterols, ω-3 fatty acids useful for human health [20]. Nitrogen is 

an essential nutrient required by microalgae for their metabolic activities [21]. The reduction 

of carbon metabolism and the increase in lipid content in microalgae can be associated to a 

nitrogen deprivation condition [22]. 

For this reason, the aim of this work was to assess lipid and antioxidant productivity of P. 

tricornutum. The metabolic switches occurring in P. tricornutum cultivated under standard 

and starvation conditions were investigated through molecular markers related to lipid 

biosynthesis and photosynthesis. The effect of nitrogen stress in P. tricornutum was examined 

at the molecular level by genes related to lipid biosynthesis and photosynthesis: glucose-6-

phosphate dehydrogenase (G6PDH), acetyl-coenzyme A carboxylase (ACCase), citrate 

synthase (Cit syn), isocitrate dehydrogenase (isocit DH), ribulose-1,5-bisphospate 

carboxylase/oxygenase (RBCL), and fucoxanthin-chlorophyll a/c binding protein B (FCP B) 

(Figure 1). 
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Figure 1. Representative diagram of the enzymes (in red) related to lipid biosynthesis and photosynthesis 

pathways in Phaeodactylum tricornutum. Cytosol: glucose-6-phosphate dehydrogenase (G6PDH); chloroplast: 

acetyl-coenzyme A carboxylase (ACCase); citrate synthase (Cit syn); isocitrate dehydrogenase (isocit DH); 

mitochondria: ribulose-1,5-bisphospate carboxylase/oxygenase (RBCL); fucoxanthin-chlorophyll a/c binding 

protein B (FCP B). 

 

2.3 Materials and Methods 

2.3.1 Cultivation Conditions 

P. tricornutum strain AC171 was obtained from the Algobank culture collection (France). 

Growth experiments for each different nutrient conditions, standard (N+) and starvation (N-), 

were performed in two replicates in 1.5 L flasks, starting from an initial cell density of 1 

million cells/mL (T0). The standard culture medium was prepared according to a modified 

process of Fanesi et al. [23]: 3.3% w/v sea salt containing macro-elements and trace elements, 

0.054% v/v NaNO3 (1M), 0.021 % v/v Na2HPO4 (0.1M), 0.01% v/v vitamin stock solution 

(i.e., 297 nM thiamine–HCl, 4.09 nM biotin, and 1.47 nM B12), 0.1% trace metal stock 

solution I (i.e., 6.56 µM FeCl3 and 6.56 µM Na2EDTA), and trace metal stock solution II (i.e., 

2.42 µM MnSO4, 8.29 µM Na2EDTA, 254 nM ZnSO4, 5.69 nM CoSO4, 6.10 nM Na2MoO4, 

1.00 nM Na2SeO3, and 6.30 nM NiCl2), 0.2% v/v Na2SiO3 (0.105 M), and 1% v/v Tris-HCl 

(1M) for the maintenance of pH at 8. The starvation culture medium contained the same 

nutrients, at the same concentrations, as the standard culture, apart from the nitrogen source: 

NaNO3–, which was only 0.0001% v/v of the total volume. The medium was autoclaved at 

120 °C for 20 minutes before inoculation. The aeration of the cultures, which is essential for 
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the growth and mixing of the cells, was carried out using an aquarium air pump. The airflow 

was supplied to cultures passing through microfilters (pore size ø = 0.2 μm). Microalgae 

cultures were kept in aseptic environments to avoid possible contamination at constant 

temperatures (20 ± 2 °C) and continuous lighting (neon light, 36 W). The cell density was 

monitored every 3 days using a bright-line hemocytometer (Sigma–Aldrich, Saint Louis, MO, 

USA) and an optical microscope from LW Scientific, until reaching the plateau phase. 

Analyses were conducted on the 15th day of culture before reaching the plateau phase. 

2.3.2 Biomass Isolation 

For the biomass isolation, microalgae cultures were pelleted by centrifugation at 5000 rpm at 

4 °C for 20 min (Eppendorf Centrifuge 5430 R). The pellets were recovered, frozen at −80 

°C, and lyophilized (Labconco FreeZone25 freeze dryer, equipped with an Edwards vacuum 

pump oil model R.V 8) for further analysis. 

2.3.3 Lipid Content 

Total lipids were determined according to Folch’s method [24], quantified gravimetrically, 

and resuspended in n-hexane. All samples were analyzed in triplicate (n = 3). The quantitative 

determination of fatty acids was conducted from the total lipid content of dried microalgae, 

according to the method described by Lepage and Roy [25]. Total fatty acids were analyzed 

as described by Messina et al. [26]. To evaluate the extent of oxidation, the polyene index 

[27] was determined based on Formula (1): 

 
(1) 

2.3.4 Antioxidant Assays 

Extracts from algal biomass were obtained following the protocol previously described by 

Safafar et al. [28]. Fifty milligrams of freeze-dried biomass, homogenized with 5 mL of 80% 

ethanol using an Ultraturrax (T25 basic, Ika), were extracted. Then, the extracts were 

centrifuged at 5000 rpm at 4 °C for 10 minutes, and the supernatant was separated. After, the 

extracts were evaluated at different concentrations (8–0.25 mg mL−1) for determining 

antioxidant content. In this study, we performed four assays for the evaluation of the 

antioxidant activity of microalgae cells. 

Polyphenol content was determined spectrophotometrically according to Folin–Ciocalteu 

[29]. A gallic acid standard solution was prepared in ethanol at concentrations 5–100 mg 
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mL−1. The analysis was performed on a 96-well plate, and all samples were analyzed in 

triplicate. The absorbance was measured at 725 nm, using a spectrophotometer (Multiskan-

Sky Microplate Reader, Thermo-ScientificTM, Waltham, MA, USA). Total phenolics contents 

are expressed as a mg of gallic acid mg−1 of microalgae weight. Total carotenoid content was 

performed spectrophotometrically according to Maadane et al. [30]. Extracts were prepared at 

concentration of 1 mg mL−1 in ethanol. The samples’ absorbances were measured at 470, 648, 

and 664 nm by spectrophotometer (Multiskan Thermo Fisher Scientific). The total 

carotenoids content was calculated using Equations (2) of Lichtenthaler et al. [31]: 

 

 

 

(2) 

For the determination of total antioxidant capacity different assays were carried out. The 

DPPH radical scavenging activity was performed on modified Bernatoniene et al. [32]. 

Standard curves were prepared for gallic acid using different concentrations (0.1–0.005 mg 

mL−1). For this, 40 μL of extracts were mixed with 0.1 mM DPPH radical solution in ethanol 

(prepared before the analysis) in a 96-well plate. Absorbance was read after 30 min 

(Multiskan Thermo Fisher Scientific). The percentage of DPPH inhibition was obtained by 

the following Equation (3): 

Scavenging effect (%)=  (3) 

IC 50, which is the concentration of antioxidants reduced at 50%, was calculated through 

linear regression analysis. 

Cellular antioxidant properties by the reducing power assay were determined according to 

Falleh et al. [33]. After 20 min incubation at 50 °C, the absorbance was read at 700 nm. EC 

50 represents the concentration of extracts in which the absorbance is at the half value, and it 

was used to assess the reducing power of the samples. 

2.3.5 Real-Time PCR Analysis  

Total RNA was extracted from fresh samples at time zero and after 15 days of monitoring in 

nitrogen standard and stress cultures. RNA was isolated from samples in PureZOL™ using 
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the Aurum Total RNA Fatty and Fibrous Tissue Kit (Bio-Rad, Hercules, CA, USA) and was 

measured spectrophotometrically using a Thermo Scientific™ µDrop Plate 

Spectrophotometer. All samples were analyzed in triplicate. Then, reverse transcription was 

performed using the 5X iScript Reaction Mix Kit (Bio-Rad, Hercules, CA, USA) according to 

manufacturer’s instructions. The amplification and the relative quantification were performed 

in triplicate on genes G6PDH, rbcL, FCP B, ACCase, Cit syn, and isocit DH (Table 1). 

Relative gene expression was evaluated after normalization with the reference genes. Data 

processing and statistical analysis were performed using CFX Manager Software (Bio-Rad, 

Hercules, CA, USA). The relative expression of all genes was calculated by the 2−ΔΔCT 

method [34] using P. tricornutum RPS (ribosomal protein S1) and TBP (TATA box-binding 

protein) as the endogenous reference. 

Table 1. Phaeodactylum tricornutum primer sequences used for real-time PCR. 

Gene Access Number F/R Primer Sequence (5’–3’) References 

G6PDH  
F. GCGAGAAATGGCACAAGG 

R. GTTCATCGCAGTCGGGAGA 
[35] 

rbcL MH064127.1 
F. CCAAGGTCCTGCTACTGGTG 

R. TCTCCAACGCATGAAGGGT 
 

FCP B  
F. GCCGATATCCCCAATGGATTT 

R. CTTGGTCGAAGGAGTCCCATC 
[36] 

ACCase,  
F. GTTGCTTGACGCTGAACTGG 

R. CCTTCATGCGACCTGTCTTG 
[37] 

Cit syn  
F. TTATGAAGTCATGCCCGACA 

R. GGTCCCAGTACAGTTGCGAT 
[37] 

Isocit DH  
F. GGGCAGTCATGAAAGACGTT 

R. ATCCGTCAGCATATCACCGT 
[37] 

RPS  
F. AATTCCTCGAAGTCAACCAGG 

R. GTGCAAGAGACCGGACATAC 
[38] 

TBP  
F. ATCGATTTGTCAATCCACGAG 

R. ATACAGATTCTGTGTCCACGG 
[38] 

2.3.6 Statistical Analysis  

Statistical analysis was performed using the computer application SPSS for Windows® 

(version 20.0, SPSS Inc., Chicago, IL, USA). All the analyses were carried out in triplicate. 

The results are expressed as the mean ± standard deviation. The homogeneity of variance was 

confirmed by the Levene test. Data were subjected to one-way analysis of variance 

(ANOVA), and Student–Newman–Keuls or Games–Howell post hoc tests were performed in 

order to make multiple comparisons between experimental groups. The significance level was 

95% in all cases (p < 0.05). 
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2.4 Results and Discussion 

2.4.1 Cell Growth 

The obtained results in Figure 2 show a reduction in the growth performance of 

Phaeodactylum tricornutum cultured under starvation (N-) conditions as a common response 

to nutrient limitations that trigger modifications in primary metabolism [39]. A growth rate 

exponential phase occurred until day 12 in both treatments (Figure 1) even if, in the first 9 

days of culture, a faster growth rate in P. tricornutum N+ was observed. 

From day 3, a colorimetric change in the cultures was evident. The standard cultures (N+) 

retained a brown color, while in N-, they turned to yellow due to the degradation of pigments. 

On day 12, N- cultures reached their maximum growth rate, followed by a decrease from day 

13 to 15, while N+ cultures continued their exponential phase until the end of monitoring (day 

18) (Figure 2). 

 

Figure 2. Growth performance of P. tricornutum cultivated for 18 days under standard (N+, blue line) and 

starvation condition (N-, green line). Values are presented as the mean ± SEM (n = 3) with standard deviations. 

Different letters within the same day indicate significant differences (p < 0.05) within the two treatment 

conditions (i.e., N+ and N-). 

The yields of N– and N+ were, respectively, 0.1574 ± 0.010 g/L and 0.3026 ± 0.0141 g/L. 

According to Yodsuwan et al. [14], long-term nutrient stress conditions reduced growth 

performance in P. tricornutum. The stress condition resulting from nutrient deficiency led to a 

decrease in biomass productivity in favor of the production of bioactive microalgal secondary 

metabolites [40]. No universal or efficient nutrient acquisition strategy of nitrogen limitation 

exists to date that increases the amount of bioactive secondary metabolites without affecting 

algal biomass [41,42]. Mixotrophic cultivation of P. tricornutum [43] and Chlorella vulgaris 
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(Chlorophyta) [44], in long-term nitrogen-limited cultivations, resulted in improved biomass 

and biomolecule productivity. Integrative approaches include the synergistic action of 

different parameters that control both the growth rate and production of bioactive compounds 

such as light, temperature, and pH [45]. Burch and Franz [46] suggested a combination of 

nitrogen starvation and low concentration of H2O2 as a chemical modulator to stimulate 

triacylglycerol (TAG) synthesis in the early exponential phase without changing biomass 

productivity. 

2.4.2 Lipid Content 

2.4.2.1 Total Lipid Content 

Manipulation of microalgae culture medium can induce a variation in lipid concentrations, 

especially nitrogen limitation conditions lead to an increase in lipid contents [39]. Throughout 

P. tricornutum monitoring for 15 days in N-, the quantity of total lipids increased compared to 

the initial culture condition (T0) and to the lipid content in N+, as shown in Figure 3, reaching 

42.5 ± 0.19 g/100 g of dried algal biomass in N- and 33.35 ± 0.12 g/100 g of dried algal 

biomass in N+. Our results are in accordance with studies that focused on the cultivation of P. 

tricornutum under nutrient stress conditions [47] on Nannochloropsis sp. (Ochrophyta, 

Eustigmatophyceae) [48], Conticribra weissflogii (formerly Thalassiosira weissflogii), and 

Cyclotella cryptica (Bacillariophyta) [49] maintained under nitrogen deprivation. 

 
Figure 3. Total lipids (g/100 g) of P. tricornutum cultivated for 15 days under initial culture conditions (T0, 

white bar), under standard conditions (N+, blue bar), and under starvation conditions (N-, green bar). Values are 

expressed as the mean ± SEM (n = 3) with standard deviations. Different letters indicate statistical differences (p 

< 0.05) between groups. 
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2.4.2.2 Fatty Acid Content 

The ability of microalgae to survive within a wide range of environmental conditions is 

largely correlated to the diversity in cellular lipids [50]. Among total lipids, significant 

differences in fatty acid content were observed between the two different growth conditions 

(N+ and N-) (Figure 4). 

 

Figure 4. Fatty acids class composition (%, w/w) of P. tricornutum cultivated for 15 days under initial culture 

condition (T0, white bar), under standard conditions (N+, blue bar), and under starvation conditions (N-, green 

bar). Values are expressed as the mean ± SEM (n = 3) with standard deviations. Different letters indicate 

statistical differences (p < 0.05) between groups. 

The maximum percentage of saturated fatty acids, monounsaturated, and polyunsaturated (n-3 

and n-6) was observed in N+: 19.79 ± 0.78%, 35.06 ± 4.64%, 29.15 ± 3.12%, and 1.83 ± 

0.18%, respectively (Figure 4). In N-, there was a significant increase in the amount of 

saturated and monounsaturated fatty acids: 37.52 ± 1.92% and 49.56 ± 1.74% (Figure 4). The 

total percentage of polyunsaturated fatty acids was three-fold reduced in N-. The differences 

were induced by the extensive increase in palmitic (16:0) and palmitoleic acids (16:1n7) and 

the decrease in eicosapentaenoic acid (20:5n3–EPA), which was abundant in N+ (Table 2) as 

reported by similar works [14,51,52]. 
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Table 2. Fatty acids composition (%, w/w) of P. tricornutum cultivated for 15 days under standard (N+) and 

starvation condition (N–). 

Fatty Acid N+ N- 

14:0 7.35 ± 0.54 a 4.85 ± 0.61 b 

16:0 11.87 ± 0.72 a 31.90 ± 1.57 b 

16:1n-7 31.12 ± 2.82 a 43.35 ± 1.59 b 

16:2n-4 1.99 ± 0.62 a 0.38 ± 0.02 b 

16:3n-4 12.12 ± 1.51 a 1.07 ± 0.10 b 

18:1n-9 2.63 ± 1.59 4.90 ± 0.34 

18:1n-7 1.13 ± 0.21 1.16 ± 0.18 

18:2n-6 1.11 ± 0.20 a 0.71 ± 0.11 b 

20:5n-3 EPA 24.43 ± 1.85 a 8.30 ± 0.80 b 

22:5n-3 1.88 ± 0.37 a 0.69 ± 0.13 b 

22:6n-3 DHA 1.62 ± 0.33 a 0.71 ± 0.10 b 

Data are reported as the means (n = 3) with standard deviation. Different letters indicate significant differences 

between each treatment (p < 0.05). 

The changes in fatty acids composition caused a significant modification to the polyenoic 

index (PI) and on the ratio n-3 fatty acids/total fatty acids (n3/tot FA) as shown in Table 3. 

The polyene index is used to measure the polyunsaturated fatty acids oxidation [53]. EPA and 

DHA, which represent the main part of polyunsaturated fatty acids (Table 2), were the most 

susceptible to oxidation. In particular, in N-, EPA and DHA decreased at the increase of 16:0 

as a result of the polyene index decreasing significantly. A similar decrease was observed for 

the total n3/tot FA ratio, caused by a significant decrease in EPA in N-. 

Table 3. Unsaturation markers calculated from the fatty acid profile of P. tricornutum cultivated for 15 days 

under standard (N+) and starvation condition (N-). 

 
N+ N- 

Polyene Index 2.21 ± 0.32 a 0.28 ± 0.04 b 

n3/tot FA 0.30 ± 0.04 a 0.10 ± 0.01 b 

Data are reported as the means (n = 3) with standard deviation. Different letters indicate significant differences 

between each treatment (p < 0.05). 

Similar results have been reported by Villanova et al. [43] on lipid productivity on the 10th 

and the 15th days of cultivation of P. tricornutum under mixotrophic and phototrophic 

conditions. P. tricornutum is a promising candidate for industrial applications for the 

production of biofuel and of bioactive molecules, but further studies are essential to identify 

critical control points and a balance between lipid and biomass productivity of microalgae 

[54]. 
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2.4.3 Cellular Antioxidant Activity 

2.4.3.1 Polyphenol Content 

Polyphenols are a very important class of antioxidants that have protective properties 

associated with cellular defense mechanisms. Although the phenolic content profile varies 

significantly among species, diatoms adapt differentially to nutritional stress than green algae 

and plants, reflecting the genetic diversity and complexity of these microorganisms [55]. 

Significant differences in total polyphenol content between cultivation conditions were 

observed (Figure 5). Particularly, P. tricornutum N+ had a high phenolic compounds content 

(3.071 ± 0.17 mg GAE/g DW), whereas a lower phenolic content was measured in N- (1.115 

± 0.00 mg GAE/g DW) (Figure 5). 

 

Figure 5. Total polyphenol content (mg GAE/g DW) in P. tricornutum extracts cultivated for 15 days under 

initial culture conditions (T0, white bar), under standard conditions (N+, blue bar), and under starvation 

conditions (N-, green bar). Values are reported as the means (n = 3), and error bars report the standard 

deviations. Treatments that do not share the same letter were significantly different from each other (p < 0.05). 

Under standard conditions, redox reactions of reactive oxygen species (ROS) are produced 

through photorespiration, and it has been established that oxidative phosphorylation by 

phenolic compounds do protect cells from damage [55]. ROS are markers of oxidative stress 

related to lipid accumulation and are frequently observed in microalgae grown under abiotic 

stresses [56]. 

In agreement with previous studies [55,56], lower concentrations in total polyphenol content 

were measured in P. tricornutum, Tetraselmis suecica, and Chlorella vulgaris (Chlorophyta) 

cultivated under N-limited condition [55]. Similarly, in Tetradesmus dimorphus (formerly 

Acutodesmus dimorphus) (Chlorophyta), the total polyphenol content initially increased and 
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then decreased after 3 days of cultivation under nitrogen deprivation [56]. Knowledge 

regarding the impact of nutrient stress on the phenolic content of microalgae still remains 

scarce and species specific [41,55,57]. 

 

2.4.3.2 Carotenoids 

Our results for P. tricornutum, cultivated under standard (N+) and starvation conditions (N-), 

showed a similar pattern to polyphenols content in the carotenoids content (Figure 6), an 

important class of bioactive compounds with antioxidant properties. 

After 15 days of culture, N–s showed the lowest content of carotenoids (0.35 ± 0.01 mg/g 

DW) compared to N+ (2.70 ± 0.23 mg/g DW). The lowest content of carotenoids in N- was 

probably the result of alteration of the photosynthetic system in microalgae grown under 

conditions of nitrogen deprivation, as a common response of photosynthetic organisms to 

abiotic stressors [58]. Similar results were observed by Gauthier et al. [59] in P. tricornutum, 

T. suecica, and C. vulgaris cultures maintained under nitrogen starvation. However, other 

studies described an increase in carotenoid production in microalgae when cultivated under 

nutrient starvation [55,60]. 

 

Figure 6. Carotenoid content (mg/g DW) in P. tricornutum extracts cultivated for 15 days under initial culture 

conditions (T0, white bar), under standard conditions (N+, blue bar), and under starvation conditions (N-, green 

bar). Values are reported as the means (n = 3), and error bars report the standard deviations. Treatments that do 

not share the same letter were significantly different from each other (p < 0.05). 

 

2.4.3.3 Total Antioxidant Assays 

The high productivity of P. tricornutum antioxidants cultivated under standard condition was 

confirmed by the results of DPPH assay (Figure 7).  
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Figure 7. DPPH radical scavenging activity (IC 50, mg DW/mL) in P. tricornutum extracts cultivated for 15 

days under initial culture conditions (T0, white bar), under standard conditions (N+, blue bar), and under 

starvation conditions (N-, green bar). Values are reported as the means (n = 3), and error bars report the standard 

deviations. Treatments that do not share the same letter were significantly different from each other (p < 0.05). 

In particular, the lowest IC50, 2.29 ± 0.54 mg DW/mL, was recorded in N+. The lowest IC50 

corresponded to the highest antioxidant ability. The highest IC50, 3.83 ± 0.66 mg DW/mL, 

was measured in N-. Considering the pattern observed for polyphenols and carotenoids, these 

classes of antioxidants are the main contributors to cellular antioxidant activity. 

Similar results were obtained by Jeyakumar et al. [61], who observed a higher DPPH 

scavenging activity in nitrogen-depleted conditions (85%) compared to nitrogen-replete 

conditions (75%) and control (64%) in Isochrysis sp. A study conducted by Singh et al. [62] 

on Dunaliella salina (Chlorophyta) showed similar trends with higher DPPH radical 

scavenging activity in nitrogen-depleted medium cultures than normal condition. As expected, 

P. tricornutum culture maintained under nitrogen deprivation condition (N-) showed a higher 

scavenging activity [61]. 

A further damage on the total antioxidant ability of P. tricornutum in N- was demonstrated by 

a reducing power assay. The results shown in Figure 8 are in line with the DPPH assay 

results. The highest reducing power was observed in P. tricornutum N+ (EC50, 66.54 ± 2.9 

mg DW/mL), whereas in N-, the reducing power decreased (EC50, 147.84 ± 9.85 mg 

DW/mL). 
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Figure 8. Reducing power (EC50, mg DW/mL) in P. tricornutum extracts cultivated for 15 days under initial 

culture conditions (T0, white bar), under standard conditions (N+, blue bar), and under starvation conditions (N-, 

green bar). Values are reported as the means (n = 3), and error bars report the standard deviations. Treatments 

that do not share the same letter were significantly different from each other (p < 0.05). 

 

The obtained results are in accordance with Singh et al. [62], who observed a higher reducing 

power in nitrogen stressed cells of Dunaliella salina than those cultivated under normal 

condition. 

2.4.4 Gene Expression 

Diatoms show remarkable diversity among species and a great capacity to adapt their 

metabolism to different nutritional strategies [56,63]. Relevant genes related to lipid 

biosynthesis (i.e. G6PDH, ACCase, Cit syn, and isocit DH) and photosynthetic activity (i.e., 

rbcL and FCP B) were analyzed in P. tricornutum maintained under two different culture 

conditions (i.e. N+ and N-) (Figure 9). 
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Figure 9. Relative gene expression of genes related to lipid biosynthesis (glucose-6-phosphate dehydrogenase 

(G6PDH), acetyl-coenzyme A carboxylase (ACCase), citrate synthase (Cit syn), and isocitrate dehydrogenase 

(isocit DH)) and photosynthetic activity (ribulose-1,5-bisphospate carboxylase/oxygenase (large subunit) (rbcL) 

and fucoxanthin-chlorophyll a/c binding protein B (FCP B)) in P. tricornutum under initial culture conditions 

(T0, white bars) and after 15 days of cultivation under standard conditions (N+, blue bars) and starvation 

conditions (N-, green bars). Values are the mean ± SEM (n = 3) with standard deviations. Statistical differences 

(p < 0.05) between groups are indicated by different letters. 

G6PDH catalyzes the primary reaction of the pentose phosphate pathway (PPP) and produces 

a large amount of reducing equivalents in the form of nicotinamide adenine dinucleotide 

phosphate (NADPH), which are essential for lipid biosynthesis [9]. In our experiment, the 

G6PDH expression was significantly downregulated in P. tricornutum N- compared to N+ (p 

< 0.05) (Figure 9), suggesting that the pathway of PPP was negatively affected by nutrient 

limitation. These results are in contrast with the literature, where overexpression of G6PDH 

induced an increase in lipid content in P. tricornutum, highlighting its critical role in algal 

lipid accumulation by enhancing NADPH supply [64]. However, transcription of G6PDH in 

nitrogen limitation shows significant differences between green microalgae C. vulgaris [65], 

Chlamydomonas reinhardtii [66], diatom Thalassiosira pseudonana [67], and 

Nannochloropsis gaditana (Eustigmatophyceae) [68]. In fact, modifications at the transcript 

level of the gene G6PDH suggest that PPP is less active in N– conditions, indicating that 

NADPH yield could be produced by another metabolic pattern. Further investigations are 

needed to deeply understand the molecular mechanism of G6PDH under starvation 

conditions. 

De novo fatty acid synthesis is one of the important contributors to the total fatty acid pool in 

the cell [50]. ACCase catalyzes the first step for the de novo fatty acid biosynthesis, and the 
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transcriptional pattern of this gene is very crucial for lipid productivity [69,70]. Αcetyl-CoA 

has a significant role in the central metabolic flux, as it is a primary intermediate for 

biomolecule production and energy metabolism. ACCase catalyzes the conversion of acetyl-

CoA to malonyl-CoA, the substrate for the first step of elongation of fatty acids through FAS 

(fatty acid synthetase). Transcriptomic and proteomic studies suggested that under nitrogen 

starvation conditions, plastidial acetyl-CoA carboxylase (one of the two isoforms in 

microalgae) [22,50] is upregulated, and it represents the key enzyme for de novo fatty acid 

synthesis pathway [50].  

In addition, various transcriptomics studies in diatom have revealed the vital role of lipid 

recycling (as opposed to de novo lipid synthesis) in increasing triacylglycerol accumulation 

during nitrogen deprivation [22]. Our results showed similar responses in both cultivation 

conditions (Figure 9). We assumed that the lipid content might influence the activity of the 

enzyme by a retroactive mechanism depending on the amount of lipid in the cell. These 

results are in agreement with Guerra et al. [37], indicating that in starvation conditions, the 

recycling of existing fatty acids occurs rather than de novo fatty acid biosynthesis.  

The analysis of gene expression of two important enzymes participating in the tricarboxylic 

acid cycle (TCA cycle), Cit syn and isocit DH, was evaluated. Citrate synthase catalyzes the 

condensation of Acetyl-CoA and oxaloacetate into citrate [71]. Isocitrate dehydrogenase is 

involved in a critical irreversible reaction of the TCA cycle associated with carbon and 

nitrogen metabolism, catalyzing the reaction for the formation of α-ketoglutarate, the 

precursor for amino acid biosynthesis and NADPH [15,50]. The results showed a 

downregulation of the Cit syn gene in N- compared to N+ (Figure 9), suggesting that carbon 

was redirected from the TCA cycle to lipid metabolism [72]. Our results are in agreement 

with studies conducted on the green algae Chlamydomonas reinhardtii, where mRNA citrate 

synthase level under starvation conditions were undetectable, highlighting the key role of this 

gene in lipid biosynthesis, further confirming the relationship between citrate synthase and 

lipid accumulation [73]. Isocit DH was significantly upregulated in N- (p < 0.05) (Figure 9). 

Our results, in accordance with other studies, indicate the importance of these two regulatory 

enzymes for metabolic flux checkpoints [50,74,75]. 

The expression of genes involved in photosynthetic carbon fixation (i.e., rbcL and FCP B) 

was investigated. The rbcL gene encodes the catalytic large subunit of the enzyme rubisco 

that catalyzes carbon fixation in the first Calvin cycle’s reaction [76]. Carbon dioxide is the 

exclusive source of carbon in photoautotrophic organisms and is the only pathway for lipid 

synthesis [76]. FCP B is a unique light-harvesting system in diatoms that is scarcely 
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understood and associated with photosystems II. Fucoxanthin is the most abundant carotenoid 

in P. tricornutum, and it is the most crucial pigment in this pattern [77]. Transcript levels of 

these vital enzymes showed similar variations, as expected. Both genes were severely 

downregulated in N- (p < 0.05) (Figure 9). The intense downregulation of FCP B is in 

accordance with the decrease in carotenoid content in N- as described in Figure 5. Nitrogen 

limitation in P. tricornutum can lead to high damage of the photosynthetic apparatus and 

modification of enzymes associated with NADPH, the TCA cycle, and PPP [47,78]. This 

result indicates that nitrogen starvation decelerates the light-harvesting process in 

photosynthesis and that the photosynthetical activity inhibits the relevant carbon fixation 

pathway in favor of lipid biosynthesis [21]. Therefore, alternative metabolic pathways may 

occur, compensating for carbon assimilation, leading to high lipid accumulation under 

nitrogen starvation [21]. 

Even though there have been many attempts dedicated to the quantification of P. 

tricornutum’s lipid content [79], transcriptome/proteome/metabolome analyses [75], and to 

the optimization of biomass production in nitrogen-limited conditions [14], there is still a 

considerable amount of ambiguity with regard to the molecular mechanisms and 

modifications of nutrient limitation in this marine diatom. These genes could be used as 

indicators for environmental and industrial monitoring of P. tricornutum. 

2.5 Conclusions 

Although lipid productivity is a common strategy for microalgae species to survive under 

abiotic stress condition, cellular mechanisms involved are not fully understood. Our study 

focused on the molecular changes between lipid biosynthesis and photosynthesis under 

nitrogen deprivation conditions, associated with the transcriptional expression pattern of 

central metabolic regulatory enzymes. We observed substantial differences between lipid 

content, antioxidant productivity, and gene expression patterns. We reported a reduction in 

EPA and antioxidant productivity and an increase in TAGs in N- cells. These changes are 

very important from a biotechnological perspective. The changes in the productivity of 

important secondary metabolites, such as EPA, antioxidants, and TAGs, make P. tricornutum 

a potential candidate for pilot-scale cultivation in both nutritional strategies. The gene 

expression modification of the enzymes studied in this report can be used as markers for 

environmental and industrial monitoring of P. tricornutum. 
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Chapter 3 – Halophyte and marine microalgae bioactive compounds as a bioavailable 

source to counter in vitro cellular oxidative stress on human (Hs68) and fish (SAF-1) cell 

lines and to assess in vitro bactericidal activity 

3.1 Abstract 

Green biotechnology development has remarked the importance of the integrated multitrophic 

aquaculture (IMTA) for the co-cultivation of farmed species and extractive species, such as 

plants and microalgae, whose extracts have multiple applications, including protecting animal 

and human health and improving animal welfare.  

In this study, bioactivity of halophyte and microalgae extracts have been tested in different 

cellular model systems. In particular, halophilic plant Arthrocnemum macrostachyum extracts 

were tested to assess their protective effect against UV-induced oxidative damage in human 

skin fibroblast cell line (Hs68). Regarding microalgae, Nannochloropsis sp., Isochrysis 

galbana, Phaeodactylum tricornutum, cultivated under standard condition and under nitrogen 

deprivation (N-), extracts were tested both to assess their protective effect pretreating Sparus 

aurata fibroblast cell line (SAF-1) exposed to increasing concentrations of the flame retardant 

polybrominated diphenyl ether 47 (BDE-47) and to assess their bactericidal activity against 

two fish pathogens relevant in the aquaculture sector, Vibrio harveyi and Vibrio anguillarum. 

The results showed that, A. macrostachyum extracts had a significant protective effect on 

Hs68 cell line (P<0.05) against UV radiation exposure. 

With regard to microalgae, higher concentrations of all tested extracts (0.15-0.30 μg mL-1) 

had a significant protective effect on SAF-1 cell line (P<0.05) against BDE-47 induced 

toxicity. Furthermore, P. tricornutum extracts had the highest significant bactericidal activity 

(P<0.05) at low concentrations (0.05 mg mL-1) against the two pathogens of the genus Vibrio 

spp. 

Plants and microalgae extracts represent a bioavailable source of bioactive compounds, 

efficient on countering cellular oxidative stress and the development of bacterial growth in 

aquaculture facilities. IMTA systems therefore provide a socio-economic benefit for the 

development of commercial nutraceutical, cosmeceutical and pharmaceutical products. 

 

KEYWORDS: Arthrocnemum macrostachyum, microalgae, bioactive compounds, 

antioxidant effect, UV, BDE-47, bactericidal activity 
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3.2 Introduction 

The demand for natural products for application in the cosmetics and nutraceutical industries, 

animal welfare and human health is constantly growing [1,2]. Scientific research has 

intensively focused on the extraction of bioactive natural compounds from marine organisms 

[2–5] due to their capacity to prevent harmful oxidative stress conditions caused by 

exogenous and endogenous factors [4,6]. Oxidative stress induces an overproduction of 

Reactive Oxygen Species (ROS) [7,8], leading to DNA damage, protein degradation, enzyme 

inactivation and lipid peroxidation [9–11]. Overproduction of radical species can occur for 

exposure to UV radiation, causing alterations in genetic material, photoaging and skin cancer 

[6,8,12]. Antioxidants, such as polyphenols and β-carotene, are able to prevent oxidative 

stress [13–16]. 

Among plants, which are known for the production of bioactive compounds showing a 

significant protective effects against oxidative stress [17,18], halophytes are considered as an 

important source of these compounds, for their utilization in the nutraceuticals, cosmeceutical 

and pharmaceutical industries [19]. Halophytes bioactive secondary metabolites, such as 

flavonoids and phenolic compounds indeed show, for example, a high antioxidant and 

photoprotective activity against UV radiation [20].  

A widely distributed halophyte in European salt marshes is the perennial Arthrocnemum 

macrostachyum (Moric.) K. Koch, known for being a rich source of bioactive compounds 

with antioxidant properties with proven therapeutic as well as nutraceutical applications [21]. 

Also chemical contaminants are known to cause oxidative stress, compromising the integrity 

of all cellular targets [22,23]. Chemical contaminants are constantly found in the marine 

environment, affecting sediments quality and marine organisms well-being [23–26]. They 

reach the marine environment mainly from terrestrial sources resulting from agricultural 

activities, industrial and municipal waste, plastics, pharmaceuticals and their metabolites [24–

26]. The emerging contaminant 2,2',4,4'-tetrabromodiphenyl ether (BDE-47), a 

bioaccumulative flame retardant, highly persistent and carcinogenic, is widely distributed in 

the marine environment [23,27,28]. In 2019, BDE-47 was included in the list of persistent 

organic pollutants at the Stockholm Convention [28,29]. Although chemical contaminants are 

present at low concentrations, from ng/g up to μg/g [23], there is growing concern about the 

potential effects these compounds may have both on marine organisms and on humans health 

through the trophic chain [30–32]. 

Microalgae are known to have a high production rate of several protective chemicals effective 

against oxidative stresses, such as pigments, polyunsaturated fatty acids, phycosterols, 
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sulphated polysaccharides and phenolic compounds [33–35]. Microalgae and cianobacteria 

produce complex polyphenols [36], such as isoflavones, flavanones, flavonols and 

dihydrocalcones [37], suggesting that unicellular microalgae are a promising alternative 

source of antioxidants [36,38,39]. 

It is known that bioactive chemical compounds extracted both from plants [40] and 

microalgae [41–43], in addition to their significant antioxidant capacity, may have a high 

capacity for inhibiting aquaculture pathogenic bacteria [40–44]. 

The rapid expansion of aquaculture has led to the development of intensive culture processes 

aimed at maximising production yields [45,46]. Indeed, some farming practices, such as a 

high biomass in the tank, long-term confinement in a limited space and handling, are critical 

risk factors for the welfare of reared fish, as demonstrated for traditional species, including 

sea bream (Sparus aurata) and sea bass (Dicentrarchus labrax) [45,47]. Such conditions are 

often associated with epidemics, in which infectious agents, such as bacteria, parasites, 

viruses and fungi, proliferate more easily. [41–46]. 

Diseases associated with bacterial infections are the most frequent in fish farming and are a 

potential cause of significant economic losses [48]. Common pathogenic bacteria include 

Vibrio species, which can infect fish, molluscs and crustaceans [42–44]. 

Preventive treatment strategies in aquaculture should first aim to increase general welfare 

status of fish and then to avoid pathogenic infections [46]. Furthermore, considering the 

potential impact of therapeutic treatments, such as antibiotic treatments, on the environment 

and human health, the management of fish farm should focus on methods that are 

environmental friendly, not harmful to human health, and that can have a preventive and long 

lasting effect on reared fish [44].  

Therefore, microalgal cultures will play an important role in the production of additives [49–

51] than can be included in the diets of farmed fish exerting an effect in disease prevention 

alternative to traditional disease treatments, minimizing risks associated with chemical drug 

utilization [52–55]. 

Considering halophytes and marine microalgae as potentially cultivable extractive species in 

integrated multitrophic aquaculture (IMTA) facilities, this study was aimed to examine in 

vitro the protective effect of the extracted bioactive compounds of A. macrostachyum tested 

on UV-irradiated human skin fibroblasts (Hs68) cell line. 

Previous results obtained by Espinosa et al. [14] in pretreated Sparus aurata fibroblast (SAF-

1) cell lines with synthetic antioxidants gallic acid (GAE) and β-carotene and then exposed to 

a mixture of BDE-47, carbamazepine (CBZ) and cadmium chloride (CdCl2), showed the 
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protective effect of the synthetic antioxidants against the mixture compounds. On these basis, 

the aim of this study was to assess in vitro the antioxidant capacity of microalgal extracts. 

SAF-1 cells were pretreated with Nannochloropsis sp., I. galbana, P. tricornutum and P. 

tricornutum cultivated under nitrogen starvation (N-) extracts and then induced to oxidative 

stress using sub-lethal doses of the emerging contaminant BDE-47. In addition, another trial 

was to assess in vitro the bactericidal activity of microalgal extracts against the pathogenic 

bacteria Vibrio harveyi and Vibrio anguillarum. 

 

3.3 Materials and Methods 

3.3.1 Micro and macroalgae extracts  

Microalgae and A. macrostachyum extracts were obtained as described in chapter 1 (sections 

1.3.1 and 1.3.2). 

3.3.2 Human skin fibroblast (Hs68) and Sparus aurata fibroblast (SAF-1) cell cultures 

Human skin fibroblast (Hs68) cell lines (ECACC n°89051701) (Sigma-Aldrich, St. Louis, 

MO, USA) were grown as described by Messina et al. [6], as a monolayer in flasks, using 

Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum 

(FBS), 2 mM glutamine, and 100 g mL-1 penicillin streptomycin, incubated in a humidified 

atmosphere at 5% CO2, 95% air and 37°C, under sterile conditions. 

Sparus aurata fibroblast (SAF-1) cell lines were cultivated as described by Espinosa Ruiz et 

al. [14] Cell line SAF-1 (ECACC n°00122301) was seeded in 25 cm2 plastic tissue culture 

flasks (Nunc, Germany) cultured in L-15 Leibowitz medium (Sigma, UK), supplemented with 

10% fetal bovine serum (FBS, Sigma, UK), 2 mmol L-1 L-glutamine (Sigma, UK), 100 i.u. 

mL-1 penicillin (Sigma, UK) and 100 g L-1 streptomycin (Sigma, UK).  

 

3.3.3 Evaluation of A. macrostachyum extracts protective effect on Hs68 cell line 

Hs68 cells were detached when reached 80% of confluence, utilizing a trypsin solution 

(0.05% of trypsin in PBS, pH 7.2–7.4) and pelleted by centrifugation (1000 rpm, 10 min, 

25°C). The cell suspension was dispensed in 96-well plate at a density of 8000 cells/well and 

incubated for 24 h before the exposure to extracts of A. macrostachyum obtained by 

Supercritical Fluid Extraction with co-solvent (ethanol 96%).  

The protective effect of A. macrostachyum extracts on Hs68 against oxidative stress induced 

by UV radiation, was assessed as described in Table 1. 
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Table1. Experimental scheme of Hs68 cells treatment and UV radiation exposure 

Extracts Control Control+UV 
Synthetic 

antioxidant 

Synthetic 

antioxidant +UV  
Treatment Treatment+UV 

A. macrostachyum - - - - + + 

NAC - - + + - - 

UV - + - + - + 

 

 Control: Hs68 cells untreated and not stress-induced  

 Control+UV: Hs68 cells untreated and stress-induced  

 Synthetic antioxidant: Hs68 cells pretreated with the synthetic antioxidant NAC 

 Synthetic antioxidant +UV: Hs68 cells pretreated with the synthetic antioxidant NAC 

and then exposed to UV radiation 

 Treatment: Hs68 cells pretreated with A. macrostachyum extracts 

 Treatment+UV: Hs681 cells pretreated with A. macrostachyum extracts and then 

exposed to UV radiation 

Cells were seeded in 96‐well plates at a concentration of 7 × 103 cells/well and incubated for 

24 h. After 24 h, the cells were treated with the extract dissolved in ethanol at a concentration 

of 5 μg mL-1 in the medium, with a final solvent concentration of 0.1% (v/v), and left to 

incubate for 24 h. As already assessed [56] this solvent concentration did not exert any effect 

on cell viability. After 24 h of incubation, cells were incubated UV-irradiated (Table 1).  

To prevent UV light absorption by the cell culture medium, the medium was removed just 

prior to irradiation and replaced with a thin layer of PBS to cover the cells. All samples were 

exposed to UV radiation (lamp UV KW 254 nm) at dose rate of 105 erg/mm2/sec for 5 min, 

with a daily increase of 5 min, for a total of 3 days of exposure [58,59]. Cells not treated with 

A. macrostachyum extracts and not UV-irradiated were cultivated as control [6] (Table 1).  

N-acetylcysteine (NAC 5 mM), a synthetic antioxidant, that inhibits oxidative stress 

formation, was used as control [6,56,57] (Table 1). 

The viability of cells was measured as described by Messina et al. [6] using the MTT assay 

according to Mosmann [60].  

The optical densities (ODs) at 570 nm with background subtraction at 690 were determined in 

a microplate reader (Multiscan‐Sky Microplate Reader, Thermo‐Scientific TM, USA). 

The percentage of viability was determined by Formula (1): 

 
(1) 
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OD measurements were performed in six replicates. 

 

3.3.4 Evaluation of microalgal extracts protective effect on SAF-1 cell line 

The protective effect on SAF-1 cells of microalgae extracts against oxidative stress induced 

by BDE-47 was assessed as described in Table 2. 

In particular, untreated cells were cultivated in a specific culture medium used as control 

(Control, Table 2), while untreated and stress-induced cells (Control+BDE-47, Table 2) were 

cultivated in a culture medium adding BDE-47 at 10, 50 and 100 µmol L-1 concentration. One 

group of SAF-1 cells was exposed for 24 hours to synthetic antioxidant gallic acid (GAE) and 

β-carotene at the concentrations of 0.07, 0.15 μg mL-1 and 0.3 μg mL-1 (Synthetic antioxidant, 

Table 2) [14]. 24 hours after the exposure to synthetic antioxidants, pretreated cells with GAE 

and β-carotene were induced to oxidative stress by 48h exposure to BDE-47 (BDE-47, Table 

2) at concentrations of 50 and 100 µmol L-1, according to a standard protocol [7,14,61]. 

Another group of SAF-1 cells was cultivated adding for 24h increasing concentrations of 

Nannochloropsis sp., I. galbana, P. tricornutum and P. tricornutum N- extracts, at the same 

concentrations of the synthetic antioxidants (0.07-0.15-0.3 μg mL-1) (Treatment, Table 2). 

Stock solution of ethanol extracts was diluted to obtain a final solvent concentration, in the 

culture medium, of less than 0.1% (v/v). Ethanol toxicity, at the concentrations used to 

dissolve the extract, was previously evaluated on the same cell line. After 24 hours of 

pretreatment with Nannochloropsis sp., I. galbana, P. tricornutum and P. tricornutum N- 

extracts, SAF-1 cells were induced to oxidative stress by exposure for 48h to BDE-47 (BDE-

47, Table 2) at concentrations of 50 and 100 µmol L-1, according to a standard protocol 

[7,14,61]. 

Each experiment of viability was carried in six replicates. 

 

Table 2. Experimental scheme of SAF-1 cells treatment and BDE-47 exposure 

  Control 
Control+ 

BDE-47 

Synthetic 

antioxidant 
Treatment 

Treatment+

BDE-47 

Microalgal 

extract 

Nannochloropsis sp. - - - + + 

I. galbana - - - + + 

P. tricornutum - - - + + 

P. tricornutum N- - - - + + 

Synthetic 

antioxidant 

β-carotene - - + - + 

GAE - - + - + 

 BDE-47 - + - - + 
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 Control: SAF-1 cells untreated and not stress-induced  

 Control+BDE-47: SAF-1 cells untreated and stress-induced  

 Synthetic antioxidant: SAF-1 cells pretreated with GAE and β-carotene 

 Synthetic antioxidant+ BDE-47: SAF-1 cells pretreated with GAE and β-carotene and 

then exposed to BDE-47 

 Treatment: SAF-1 cells pretreated with microalgae extracts 

 Treatment+BDE-47: SAF-1 cells first pretreated with synthetic antioxidants or 

microalgae extracts and then exposed to BDE-47 

Cell viability was assessed on SAF-1 by MTT assay, as described by Espinosa Ruiz et al. 

[14]. 

3.3.5 Bactericidal activity test 

Two fish-pathogenic bacteria, Vibrio harveyi and Vibrio anguillarum were grown from 1 mL 

of culture for 24 hours at 25°C in Triptic Soy Broth (TSB) agar (TSA, Difco Laboratories) 

and supplemented with NaCl to a final concentration of 1.5% (w/v). The bacteria in TSB 

medium were then cultured at the same temperature with continuous agitation (100 rpm) for 

24 hours.  

Exponentially growing bacteria were resuspended in sterile PBS and set to 108 c.f.u. mL-1 

colony forming units. Bactericidal activity was determined following the method of Stevens 

& Olsen [62] with some modifications. Samples of 20 μL of microalgae extracts (in three 

replicates) were added to the wells of a 96-well flat-bottomed plate. 

PBS solution was added to some wells in place of the extract as positive control.  

Aliquots of 20 μL of the previously grown bacteria were added and the plates were incubated 

for 5 hours at 25°C. 

25 μL of MTT (1 mg mL-1) was added to each well and the plates were incubated again for 10 

minutes at 25°C to allow the formation of formazan. The plates were centrifuged (2000xg, 

10min), and the precipitates, dissolved in 200 μL of dimethylsulfoxide (DMSO), were 

transferred to a 96-well flat-bottomed plate. Absorbance was measured at 570 nm. 

Bactericidal activity was expressed as the percentage of non-viable bacteria cells, calculated 

as the difference between the absorbance of the surviving bacteria treated with microalgal 

extracts, compared to the absorbance of the surviving bacteria in the positive control (0% of 

bactericidal activity). 
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3.3.6 Statistical Analysis 

Statistical differences between groups were assessed by one-way ANOVA analyses, followed 

by Tukey or Games Howell tests, depending on the homogeneity of the variables. The 

normality of the variables was confirmed by the Shapiro-Wilk test and the homogeneity of 

variance by the Levene test. The significance level was 95% in all cases (P<0.05). All data 

were analysed by the computer application SPSS for Windows® (version 20.0, SPSS Inc., 

Chicago, USA). 

 

3.4 Results and discussions 

3.4.1 A. macrostachyum extracts protective effect on human skin fibroblast (Hs68) cells 

UV-irradiated 

Hs68 cells were exposed to UV radiation for 5 min, for a total of 3 days, with a daily increase 

of 5 min. Phase-contrast microscopy indicated that UV radiation led to cellular damage and 

mortality in untreated Hs68 cells UV-irradiated (Figure 1B), compared to the control (Figure 

1A). In contrast, Hs68 cells pretreated with A. macrostachyum extracts before UV radiation 

exposure (Figure 1C) showed no signs of damage after exposure to UV radiation.  

A) B) C) 

   
Figure 1. Representative phase‐contrast images at 20X magnification. Untreated cells (Control), (A), Hs68 cells 

UV-irradiated (B) and Hs68 cells pretreated with 5 μg mL-1 of A. macrostachyum extracts and then exposed to 

UV radiation (C) 

Obtained MTT assay results (Figure 2) confirmed phase-contrast microscopy observations.  
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Figure 2. Cell viability test in Hs68 treatment with A. macrostachyum extracts (SFE 5 μg mL-1) for 24 h and UV-

irradiated. Blue bars: control: fibroblasts maintained in standard culture conditions, NAC: cell pretreated with the 

synthetic antioxidant N-acetylcysteine (5 mM) and cells pretreated with A. macrostachyum SFE extract; red bars 

Hs68cells exposed to UV radiation. Bars represent the mean ± sd (n = 6). Different superscript letters indicate 

statistically significant differences (ANOVA; P < 0.05) among group. 

Results obtained by MTT assay showed that the exposure of not treated Hs68 cells to UV 

radiation (Control +UV) induced a significant decrease of viability (P< 0.05). On the contrary, 

cells pretreatment with A. macrostachyum extracts, before UV radiation exposure (A. 

macrostachyum +UV) led to a photo protective effect, as demonstrated by an increase in cell 

viability, comparable to cells pretreated with synthetic antioxidant NAC (NAC+UV) (Figure 

2). Suggesting that halophytes are an important source of natural compounds with numerous 

applications, due to their ability to absorb UV radiation and to their antioxidant power 

[17,20].  

Similar results showed that halophyte (Limonium tetragonum, Triglochin maritimum and 

Artemisia scoparia) red ginseng complex extract inhibited peroxide-induced damage in 

human keratinocytes (HaCaT) compared to stimulated cells with UV radiation. [63]. Ahn et 

al. [64] reported that HaCaT treated with different concentrations of libanoridin isolated from 

the halophyte Corydalis heterocarpa, for 24h, after exposure to UVB radiation, inhibited 

UVB-induced photodamage, in accordance with our results. 

Secondary metabolites are naturally produced in response to environment condition variation. 

Those compounds, such as phenolic acids, non-flavonoids, flavonoids and polyphenols act as 

UV blockers reducing inflammation and oxidative stress [65]. Phenolic substances are highly 
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accumulated by saltmarsh halophytes, due to transitional characteristics of their habitat 

[20,21]. 

The photoprotective cellular capacity observed in the preliminary in vitro tests showed that A. 

macrostachyum might be considered a good candidate for co-cultivation in IMTA systems for 

the extraction of phytochemicals to be used in nutraceutical and cosmeceutical fields. 

3.4.2 Protective effect of microalgal extracts on S. aurata fibroblast (SAF-1) cell line 

exposed to BDE-47 

SAF-1 cell line was used as an in vitro model to test the protective effect of three microalgae 

extracts against BDE-47 oxidative stress induction, a highly persistent and easily 

bioaccumulated carcinogenic flame retardant, considered to be among the most abundant 

contaminants in the natural environment and for wildlife [28,66,67]. 

The results of dose-dependent treatment with microalgae extracts on SAF-1 cell line showed 

that concentrations of 0.07-0.15-0.30 μg mL-1 of the microalgae extracts (Nannochloropsis 

sp., I. galbana. P. tricornutum and P. tricornutum N-) and reference synthetic antioxidant 

(GAE and β-carotene) [14] did not exert any significant negative effects on cell viability. For 

this reason, all three concentrations were chosen for the evaluation of the protective effect at 

cellular level. 

Following a standardised protocol, SAF-1 cells were exposed to BDE-47 (50-100 μmol L-1) 

for 48 hours. Phase-contrast microscopy obtained images indicated that cells exposed only to 

the highest BDE-47 concentration (100 μmol L-1) showed cell mortality (Figure 3B), 

compared to the control (Figure 3A), in contrast to cells pretreated with antioxidants (standard 

and natural) which showed comparable cellular density and similar characteristics to the 

control (Figure 3D, F, H and J). 
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Figure 3. Representative phase‐contrast images at 20X magnification. Untreated SAF-1 cells 

(control) (A), SAF-1 cells exposed to 100 μmol L-1of BDE-47 (B) and SAF-1 cells pretreated with 

0.15 μg mL-1 of microalgal extract and then exposed to BDE-47 100 μmol L-1of BDE-47, 

respectively: Nannochloropsis sp. (C), Nannochloropsis sp.+BDE-47 (D), I. galbana (E), I. 

galbana+BDE-47 (F), P. tricornutum (G), P. tricornutum+BDE-47 (H), P. tricornutum N- (I), P. 

tricornutum N-+BDE-47 (J), 48h after the exposure to the stressor. 
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Effects on cultured cells showed by phase-contrast microscopy images (Figure 3) were 

confirmed by MTT test. 

Results showed that cell viability of SAF-1 cell line was not affected after 48h incubation 

with 50 μmol L-1 of BDE-47, whereas exposure to 100 μmol L-1 of BDE-47 resulted in a 

significant reduction in cell viability (up to 30%) (P < 0.05) after 48 hours, compared to the 

control (Figure 4a-d) 

 

 

 

b) 

a) 
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Figure 4. Cell viability (%) of S. aurata SAF-1 cells measured comparing control cells (white bars) and cells 

exposed to different concentrations of BDE-47 (black bars), with cells pretreated for 24h with different 

concentrations of GAE (yellow bars), β-carotene (orange bars), and microalgal extracts (green bars), respectively 

a) Nannochloropsis sp., b) Isochrysis galbana, c) Phaeodactylum tricornutum, d) Phaeodactylum tricornutum N-

, and then exposed to different concentrations of BDE-47 (50 μmol L-1 and 100 μmol L-1). Bars represent the 

mean ±SEM (n=6) with standard deviation. Statistical differences (P< 0.05) between groups are indicated by 

“*”. 

In SAF-1 cells pretreated with Nannochloropsis sp. extracts at 0.07-0.15 and 0.30 μg mL-1 the 

exposure to 50 μmol L-1 of BDE-47 did not significantly affect cell viability compared to the 

control (P<0.05) (Figure 4a). In cells exposed to 100 μmol L-1 BDE-47, the lower extract 

concentration (0.07 μg mL-1) did not protect cells from oxidative stress (mortality reached 

c) 

d) 
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30%). In contrast, higher concentrations of Nannochloropsis sp. extracts (0.15-0.30 μg mL-1) 

had a significant protective effect against toxicity induced by BDE-47 (Figure 4a). 

SAF-1 cells pretreated with I. galbana extracts (Figure 3b) showed similar results as 

Nannochloropsis sp. extracts (Figure 4a). The exposure to 100 μmol L-1 of BDE-47 

significantly affected cell viability (P<0.05) only in those cell lines pretreated with the lowest 

concentration of microalgal extract (0.07 μg mL-1) (viability rate 66%), compared to the 

control. In contrast, higher concentrations of I. galbana extracts (0.15-0.30 μg mL-1) protected 

cells from BDE-47-induced damage (Figure 4b). 

SAF-1 cells pretreated with extracts obtained from P. tricornutum (Figure 4c) and P. 

tricornutum N- (Figure 4d) showed a protective effect in cells exposed to BDE-47 (50-100 

μmol L-1), at all tested concentrations (0.07, 0.15 and 0.30 μg mL-1). 

The exposure of SAF-1 cells to 100 μmol L-1 of BDE-47, pretreated with the highest dose of 

P. tricornutum and P. tricornutum N- extracts (0.3 μg mL-1), did not affected cells viability 

compared to cells exposed to 100 μmol L-1 of BDE-47 without any pretreatment (Figure 4c 

and 4d). 

Several studies have shown that the exposure of SAF-1 cells to BDE-47 induces oxidative 

stress through an overproduction of ROS, which is responsible for cell toxicity and death, 

changes in biochemical patterns and induction cell transformation [7,14,61,68]. 

Our results showed that SAF-1 cells pretreatment with Nannochloropsis sp., I. galbana, P. 

tricornutum and P. tricornutum N- extracts before the exposure to BDE-47 chemical 

contaminant, were similar to those observed with synthetic antioxidants (GAE and β-

carotene) used in the trial as a reference (Figure 4). 

In fact, the pre-incubation of sea bream cells with microalgal extracts successfully protected 

cells from BDE-47 oxidative stress-induced, in contrast to not pretreated cells exposed only to 

the chemical contaminant without pretreatment with synthetic or natural antioxidants. Indeed, 

BDE-47 at the highest concentration (100 μmol mL-1), by inducing oxidative stress in cells 

significantly reduced cell viability of not pretreated SAF-1 cells, after 48 hours of exposure 

[7,14,28,61,66,67]. 

The protective effect induced at cellular level by the extracts further confirms the antioxidant 

power of the microalgae used in this experiment, which had already been preliminarily 

evaluated on a chemical basis (Chapter 1).  

The bioactive compounds extracted from Nannochloropsis sp., Isochrysis galbana and P. 

tricornutum cultivated under standard and starvation condition (N-) showed the same level of 

protection as synthetic antioxidants (GAE and β-carotene) at the same concentrations. 
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The intrinsic antioxidant power of microalgae extracts therefore is biochemically available at 

cellular level, enhancing the reducing power of cells and protecting them from the pro-oxidant 

effect of BDE-47. 

The results obtained showed that P. tricornutum extracts, followed by I. galbana and P. 

tricornutum N- and lastly Nannochloropsis sp. extracts, protected SAF-1 cells from BDE-47-

induced oxidative stress. The differences observed between the protective effects of the 

microalgae extracts were probably due to the different antioxidant profile, in agreement with 

other authors [69–71]. Indeed, the higher levels of carotenoids and polyphenols observed in P. 

tricornutum compared to the other extracts, could explain the obtained results. 

Since BDE-47 is responsible for the induction of oxidative stress and production of ROS in 

different species and environments at sub-lethal doses [7,27,61,72,73], microalgae extracts 

represent a bioavailable source of antioxidants. 

Based on these results, the production of microalgae and the characterisation of their extracts 

should be improved and standardised. 

3.4.3 Evaluation of microalgal extracts bactericidal activity  

Vibrionaceae are the main cause of mortality for species farmed in the aquaculture industry 

[74,75]. Among them, V. anguillarum and V. harveyi are responsible for infections affecting 

marine organisms as well as humans [76–78].  

For this reason, in this study was investigated the effect of the bioactive compounds extracted 

from Nannochloropsis sp., I. galbana, P. tricornutum and P tricornutum N- against two 

opportunistic pathogenic bacteria, V. anguillarum and V. harveyi.  

All the microalgal extracts tested showed a dose-dependently bactericidal activity against 

both bacteria strain utilized.  

In the present study only the results obtained using the lowest concentration of extracts are 

shown. 

In particular, P. tricornutum extracts had the highest significant bactericidal activity 

(27.09±9.1%) (P<0.05) at low concentrations (0.05 mg mL-1) against V. anguillarum, 

compared to control (Cnt) (Figure 5). 
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Figure 5. Bactericidal activity (%) against Vibrio anguillarum determined using extracts of P. tricornutum. 

Values are the mean ± SEM (n= 3) with standard deviations. Microalgae that show statistical differences (P< 

0.05) compared with the control are indicated by “*”. 

P. tricornutum extracts had also a significant bactericidal activity (10.36±3.69%) (P<0.05) at 

low concentrations (0.05 mg mL-1) against V. harveyi, compared to control (Cnt) (Figure 6). 

 

Figure 6. Bactericidal activity (%) against Vibrio harveyi determined using extracts of P. tricornutum. Values 

are the mean ± SEM (n= 3) with standard deviations. Microalgae that show statistical differences (P< 0.05) 

compared with the control are indicated by “*”. 

In the present study all extracts tested showed dose-dependently bactericidal activity against 

the two fish pathogens. The different bactericidal activity of the microalgal extracts observed 

may be due to the composition of each extract.  
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The ability of bioactive compounds extract from plants, algae and microalgae to inhibit the 

activity of bacterial pathogens in fish is of great interest as an alternative strategy to the use of 

drugs, especially in the aquaculture sector [41,79–82]. Algae produce bioactive compounds 

[83] able to counter environmental stresses [84] with a high biological activity [85,86]. In 

microalgae the most abundant compounds are flavonoids, in particular phenolic acids and 

carotenoids, with a high bactericidal activity [44,81,87]. 

Diatom extracts control the concentration of pathogenic vibrios, as reported by Molina-

Càrdenas et al. [43] and Kokou et al. [42], through the production of antibacterial compounds. 

Phenolic compounds are essential phytochemicals for the growth and reproduction, produced 

in defence against pathogens [88]. By binding to bacteria, they form heavy soluble complexes 

with proteins that inhibit receptor availability on the pathogen's cell surface [88,89]. 

In this study, P. tricornutum extracts showed the highest bactericidal activity, which may be 

related to the higher polyphenol and β-carotene content compared to the other extracts, as 

described in Chapter 1. P. tricornutum, in fact, possess one of the highest antioxidant capacity 

[90], compared to other cultivated microalgae species [36,70,71,90]. High levels of bioactive 

compounds in P. tricornutum extracts could therefore explain the high level of bactericidal 

activity against V. anguillarum and V. harveyi. 

3.5 Conclusions 

In vitro tests conducted on human skin fibroblast (Hs68) cell line showed a protective effect 

of A. macrostachyum extracts against cellular oxidative damage induced by UV radiation. 

In vitro tests on S. aurata fibroblast (SAF-1) cell line, pretreated with Nannochloropsis sp., I. 

galbana, P. tricornutum and P tricornutum N- extracts and then exposed to sub-lethal doses 

of the emerging contaminant BDE-47, showed that all the extracts significantly inhibited 

oxidative stress induced by the toxic contaminant BDE-47. 

Furthermore, all the microalgal extract tested showed a dose-dependently bactericidal activity 

against two tested fish pathogens of the genus Vibrio spp. In particular, P. tricornutum 

extracts showed the highest bactericidal activity, which could be related to the higher content 

of polyphenols and carotenoids compared to the other extracts.  

As oxidative stress is widely recognised as a potentially harmful condition for all organisms 

and cellular systems, including fish, the possibility of modulating the production of 

antioxidants in plants and algal strains is a useful research tool to monitor the benefits induced 

by natural molecules extracted from the co-cultivation of extractive species in IMTA systems. 
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Chapter 4 - Cultivation and biochemical characterization of isolated Sicilian microalgal 

species in salt and temperature stress conditions  

4.1 Abstract 

In the last years, the possibility to exploit autochthone microalgae in regional applications has 

been explored. The regional-based microalgal industry may bring several benefits, as 

autochthone microalgae are already adapted to the biotic and abiotic stresses of their 

environment. In this work, this concept was applied to Sicily, in which three microalgal 

strains were collected from the coastline. Monoalgal strains were then isolated and molecular 

characterization was performed for the species determination. Three of them, two strains of 

Chlorella and one of Dunaliella, were cultivated in lab-scale in four different conditions: Low 

Temperature-Low Salt (LT-LS), High-Temperature-Low Salt (HT-LS), Low Temperature-

High Salt (LT-HS) and High Temperature-High Salt (HT-HS) to investigate the role of each 

condition on the growth performance, the productivity and the biochemical composition of 

the microalgal biomass. In particular, lipid, fatty acid composition and antioxidant capacity 

were assessed. Results indicated that one of the Sicilian strains of Chlorella has a better 

growth performance at a higher temperature while the Dunaliella strain is tolerant to high-salt 

stress. Moreover, the biochemical composition appears to be strongly influenced by 

temperature and salt stresses: the lipid content decreased in all the strains and a significant 

shift in fatty acid composition was observed, with an increase in the content of n-3 PUFAs in 

some cases. Results indicated that also the carotenoids content decreased in some of the tested 

stress conditions. The results obtained in this research represent a first step for developing a 

regional-based microalgal industry in Sicily by exploiting the natural biodiversity of the 

Sicilian environment. 

 

KEYWORDS: Microalgal agriculture, biomass, high salinity, heat, PUFAs, carotenoids 
 

4.2 Introduction 

Microalgae have nowadays gained considerable attention because of their biotechnological 

and industrial interest as a result of their wide range of applications such as food, 

pharmaceuticals, cosmetics, energetics and phycoremediation, among others [1–3]. Albeit 

their promising application, the microalgal industry is not fully matured as microalgae 

production is still not economically convenient because of low biomass yields [4]. However, 

several strategies can be used for the optimization of productivity. With this purpose, some of 
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the most recent researches rely on the optimization of algal reactor efficiency [5] or the 

combination of nutrient availability and lightning strategies [6]. Another possible strategy is 

the “phycoprospecting”, i.e. the exploitation of selected indigenous microalgae with 

favourable characteristics for applications in the regional-based production [7]. The 

cultivation of autochthone microalgae in their environment offers several advantages, being 

already adapted to both biotic and abiotic stresses [8]. This allows reducing the acclimation 

process of the strains to a new cultivation condition, leading to economic and time savings. 

Indeed, native strains are the best candidates for outdoor cultivation [9], which is the cheapest 

alternative in microalgae industrial production. However, the weakness of microalgae outdoor 

cultivation is the lower productivity comparing the indoor cultivation where optimal growth 

condition can be used [10]. For this reason, exploiting the diversity of “Nature's culture 

collection” [7] and selecting the best microalgae strains for outdoor cultivation can help to 

pave the way toward industrial algal cultivation. Indeed, several studies focus on the 

characterisation and isolation of local strains and the investigation of their industrial potential 

[9,11,12] and some of them have been based in Sicily [13–15]. However, to the authors’ 

knowledge, none of these studies included microalgae biochemical characterization and 

production rate, combining two stress conditions such as high temperature and salinity. The 

selection of microalgal strains resistant to both high salinity and temperature is crucial for 

their industrial cultivation in the outdoor system in Sicily, where the diurnal temperature 

during summertime may reach 40°C. Moreover, the use of high-salinity wastewater (e.g. 

deriving from an aquaculture system) could reduce the dependence on freshwater and limit 

contamination [16]. 

This work focuses on autochthonous microalgae selection and their characterization for a 

possible biotechnological application in both aquaculture and food industry. Three microalgal 

strains, Chlorella sp. Pozzillo, Chlorella sp. Barcarello and Dunaliella viridis, isolated during 

the summer from the Sicilian coastline and a salter pond were tested for their tolerance to heat 

and salt stress by cultivating them for eight days at two different temperatures and salinities. 

The objective of this work was to verify if these strains can grow in extreme conditions and if 

salinity and temperature stresses may trigger the production of high-value biomolecules such 

as lipids, PUFAs and carotenoids. 
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4.3 Material and Methods 

4.3.1 Microalgal strains, isolation, and molecular characterisation  

In this study three microalgal strains isolated from different locations on the coastline of 

Sicily characterised by green or red summer blooms were selected: a) Dunaliella viridis (D. 

viridis), previously isolated from Natural Reserve of Saltern ponds, Trapani (TP) [15], b) 

Chlorella sp. Pozzillo previously isolated from Pozzillo beach, Palermo (PA) [14], c) 

Chlorella sp. Barcarello isolated as Chlorella sp. Pozzillo [14] from Barcarello beach, 

Palermo (PA) (GPS coordinates 38°12'28.1"N 13°16'55.6"E). Chlorella sp strains were 

isolated from beaches close to the city with a standard salinity (approx. 21 g L-1 NaCl), while 

D. viridis from a salter pond with salinity above the saturation level (>200 g L-1 NaCl). 

Chlorella sp. Barcarello was isolated by the combination of filtration and dilution methods. 

The first phase of isolation involved the filtration through wide mesh filters (>200 μm) for 

removing the impurities from the initial sample (i.e. debris, sand, rock, macroalgae). The 

filtration was coupled with serial dilutions in 24-well microplates to obtain a single strain per 

well. Once the individual strain was obtained, the liquid cultures were transferred into a solid 

medium to obtain individual colonies that were used for molecular characterization by colony 

PCR. For serial dilutions, liquid and solid f/2 medium with a concentrations of 20 g L-1 NaCl 

was used. The molecular characterization of Chlorella sp. Barcarello was done as for 

Chlorella sp. Pozzillo [14]. Molecular characterization was performed by colony polymerase 

chain reaction (PCR) using Q5 ® high-fidelity DNA Polymerase (NEB), the forward primer 

A (5′-ACC CTG GTT GAT CCT GCC AG-3′) and primerSSU-inR1 (5′-CAC CAG ACT 

TGC CCT CCA-3′). For the Colony PCR the following program was used: 95 °C (5 min), 32 

cycles of 95 °C (30 s), 55 °C (30 s) and 68 °C (60 s) and a final 7 min extension step of 68 °C. 

The PCR products were run on 1% of agarose gel (ethidium bromide 0.2 μg/mL) against Jena 

Bioscience Low Range DNA Ladder, Linear Scale DNA Ladders. The PCR products were 

purified using the NucleoSpin® Gel and PCR Clean-up and sequenced by BMR service 

genomics (60 ng of DNA + 0.6 ng of each primer). The sequences obtained were then 

analysed using online bioinformatics software BLAST for the alignment of sequences and the 

identification of the belonging species. The sampling site, type of bloom and the reference 

gene used for the species identification in the selected strains are summarized in Table 1. 
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Table 1. Sampling site, reference genes for species identification, and type of bloom of Chlorella sp. Pozzillo, 

Chlorella sp. Barcarello and Dunaliella viridis. 

Microalgal 

Species 

Sampling 

Site 

GPS 

coordinates 

Reference 

gene 

Algal bloom 

Chlorella sp. Pozzillo beach 38°11'01.0"N 

13°08'39.0"E 

18S rDNA 

[14] 

Green 

Chlorella sp. Barcarello 

beach 

38°12'28.1"N 

13°16'55.6"E 

18S rDNA Green  

Dunaliella viridis Saltern pond 

of Trapani 

38°00'51.2"N 

12°32'07.4"E 

18S rDNA, 

ITS [15] 

Red 

 

 

4.3.2 Microalgal growth 

Microalgal pre-cultures were set up by inoculating 10 mL of a back-up culture in 100 mL of 

the same liquid medium used for the main experiment. When the cells were in the late 

exponential phase (around 10 days of cultivation), they were used as inoculum for the main 

experiment. When the pH was above 8.0, pure CO2 was supplied until it reached the value of 

7.0.  

Three microalgal strains, Chlorella sp. Pozzillo, Chlorella sp. Barcarello and D. viridis, were 

grown in 1 L Erlenmeyer flasks placed in an oscillating incubator (Corning Lse) under a 127 

µE/m2 s photon flux in three cultivation conditions: Low Temperature-Low Salt (LT-LS), 

High-Temperature-Low Salt (HT-LS) and High Temperature-High Salt (HT-HS). Light 

intensity was measured with a Delta Ohm-HD 9021 quantometer equipped with a 

Photosynthetic Active Radiation (PAR) probe (Delta Ohm LP 9021 PAR). The medium for 

the cultivation of Chlorella strains in LS conditions is made in artificial seawater (6.3 mM 

KCl, 2.0 mM NaHCO3, 7.1 mM KBr, 0.36 mM H3BO3, 0.024 M Na2SO4, 9 mM CaCl2 2H2O, 

0.046 M MgCl2 6H2O, 0.35 M NaCl). It is a modified F/2 medium [17] with the following 

final composition: 3.5 mM NaNO3, 0.036 mM NaH2PO4 H20, 0,12 µM FeCl3 6H2O, 0,12 µM 

Na2EDTA, 0.04 µM CuSO4 5H2O, 0.076 µM ZnSO4 7H2O, 0.042 µM CoCl2 6H2O, 0,91 µM 

MnCl2 4H2O, 0.025 µM Na2MoO4 2H2O. The medium for the cultivation of Dunaliella, 

instead, is a modified Ramaraj medium (R.M.) [18] with the following composition: 2.68 mM 

KCl, 1.5 M NaCl, 0.025 M NaHCO3, 0.15 mM H3BO3, 8.07 10-4 mM CaCl2 2H2O, 5 M 

MgSO4 7 H2O, 5 mM NaNO3, 0.1 mM NaH2PO4, 3.08 10-3 mM FeCl3, 8.07 10-4 ZnCl2, 3.85 

10-4 mM CoCl2 6 H2O, 10-2 MnCl2 4 H2O, 3.72 10-4 mM CuSO4 5 H2O, 2.38 10-3 mM 

Na2MoO4 2H2O. The HS conditions consisted of the double concentration of NaCl, resulting 

in 0.70 M NaCl (about 40 g L-1 against 20 g L-1 of LS conditions) for Chlorella species and 3 

M (about 180 g L-1 against 90 g L-1 of the LS) for Dunaliella. All cultures were grown at 
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24°C in LT conditions and 34°C in HT conditions. In Table 2 there is a clarifying scheme of 

the employed conditions. 

The pH of the F/2 media (both low and high salinity) was around 7, while the one of the R.M. 

around 9. Electrical conductivity was 45.7 mS/cm in F/2 LS and 73.3 mS/cm in F/2 HS, while 

it was 113.5 mS/cm in R.M. LS and 192.2 mS/cm in HS condition. Each experiment was 

carried out for 8 days. The concentration of the microalgal suspension was monitored by 

reading the absorbance at 750 nm. Then, the values were converted in concentration [g L-1] 

through calibration curves obtained by filtering a known volume of algal suspension with 

glass fibre filters (pore size ø = 0.7 µm), washed twice with 10 mL ammonium bicarbonate 

(0.5 M) and dried at 105°C for 24 h. The dry weight was determined gravimetrically. For each 

condition, a biological triplicate (n=3) was performed. The value of pH of the cell suspensions 

was measured at the same moment as optical density by employing a pHmeter (Crison MM 

41). Values are reported as mean together with the standard deviation. 

 

Table 2. Scheme of the employed experimental conditions 

Condition Species T [°C] CNaCl [g L-1] 

LS LT Chlorella sp. Pozzillo 24 20  

LS LT Chlorella sp. Barcarello 24 20  

LS LT Dunaliella viridis 24 90  

HS LT Chlorella sp. Pozzillo 24 40  

HS LT Chlorella sp. Barcarello 24 40  

HS LT Dunaliella viridis 24 180  

LS HT Chlorella sp. Pozzillo 34 20  

LS HT Chlorella sp. Barcarello 34 20  

LS HT Dunaliella viridis 34 90  

HS HT Chlorella sp. Pozzillo 34 40  

HS HT Chlorella sp. Barcarello 34 40  

HS HT Dunaliella viridis 34 180  
 

 

4.3.3 Determination of productivity in batch 

Batch productivity was calculated by employing the following equation: 

 

 

(1) 

where  is the initial biomass concentration (g L-1) at the initial time and  the biomass 

concentration at the final time . For convenience purposes, a final time of 8 days was 

adopted for all the cultivation series, which averagely corresponded to the end of the 
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exponential phase. Data are expressed as an average of three cultivation replicates (n=3) and 

error bar is reported.  

4.3.4 Sample preparation 

After 8 days of cultivation, the cell suspension was harvested by centrifugation and the 

obtained biomass was frozen in liquid nitrogen and freeze-dried for 48 h in a bench 

lyophilizator (FreeZone 2.5L, LABCONCO, US). The biomass was then stored at -20°C for 

further analysis.  

4.3.5 Total lipids quantification and analysis of total fatty acids 

Total lipids were determined gravimetrically according to Folch et al. [19]. Total fatty acid 

(FA) methyl esters were determined from the total lipid content of dried microalgae, 

according to the method described by Lepage and Roy [20] and were analysed as described 

by Messina et al. [21]. 

4.3.6 Total phenolic content 

Folin-Ciocalteu reagent assay [22] was carried out to determine the total phenolic content of 

samples [23] of microalgae. Gallic acid was used as the standard for calibration (5–500 mg mL-

1) and results were expressed as mg of gallic acid equivalents (GAE) per g of microalgae dry 

weight (DW) [10, 20–22]. The absorbance of each dilution was recorded at 725 nm, using a 

microplate reader (Multiscan-Sky Microplate Reader, Thermo-Scientific TM, USA). Each 

sample was analysed in triplicate. 

4.3.7 DPPH radical scavenging activity 

The free radical scavenging ability of microalgae extracts was determined through the 1,1-

diphenyl-2-picrylhydrazyl (DPPH) assay as reported previously [13,24,25]. The dried samples 

were re-suspended in methanol and analysed at various concentrations (from 0.1 to 2 mg mL-

1). An aliquot (40 mL) of each extract was mixed with 160 µL of DPPH methanolic solution 

(0.1 mM). The mixture was vigorously mixed and incubated in darkness for 30 min. 

Absorbance was recorded at 517 nm. Each sample was measured in triplicate (n=3). The 

results were reported as IC 50 (i.e., Inhibitory Concentration to cause a 50% decrease of the 

absorbance). A lower IC 50 value indicates higher antiradical activity. 
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4.3.8 Beta carotene and chlorophyll HPLC analysis 

Beta carotene and chlorophyll were analysed as previously showed [27]. Briefly, ~6 mg of 

freeze-dried biomass was disrupted together with 50 μL deionized water, 3 mL acetone and 

0.7 g glass beads (0.1 mm) by vortex mixing for 2 minutes (Maxi Mixer, Asal). The 

extraction with acetone was repeated twice. The samples were evaporated and resuspended in 

methanol before HPLC injection. Carotenoid extracts were analysed with an Infinity 1220 LC 

(Agilent Technologies, US) equipped with a photodiode array detector and column oven at 

room temperature. Separation of the compounds was achieved using a Synergi Hydro-RP 18C 

(5 µm, 250x4 mm, Phenomenex) column with a mobile phase consisting of acetonitrile: water 

(9:1; v/v) as solvent A and ethyl acetate as solvent B and a constant flow of 1 mL min-1. The 

gradient program applied was: (i) 0–16 min, 0–60% B; (ii) 16–30 min, 60% B; (iii) 30–32 

min 100% B and (iv) 32-35 min 100% A. Method adapted from Couso et al. [28]. The 

injection volume was 100 µL; chromatograms were recorded at 450 nm. Quantification of 

chlorophyll a and 𝛽-carotene was performed through calibration curves. Calibration curves 

were obtained with Chlorophyll a (analytical standard, Sigma-Aldrich) in the concentration 

range between 8 and 500 µg/mL and with β-carotene (synthetic, ≥ 95%, Sigma-Aldrich) in the 

concentration range between 2 and 500 µg/mL Each sample was analysed in triplicate. 

4.3.9 Statistical analysis 

All tests were carried out in triplicate and expressed as a mean ± standard deviation (SD). 

Data were analysed by a one-way variance analysis (ANOVA) using the SPSS 20.0 statistical 

software program and deviations were considered significant at P <0.05. Different letters were 

used to indicate significant differences among various treatment in each species at P<0.05.  

Non-metric multidimensional scaling (nMDS) [29] was used to evaluate patterns in 

polyphenols, DPPH, lipid content, SFA, MUFA, PUFA, PUFA n-3, PUFA n-6, n-3/n-6 

chlorophyll a and β-carotene, as a function of salinity and temperature variables. In the nMDS 

representation, increasing distances among points in the ordination plot, represent decreasing 

similarity among the same points. The Euclidean distance on the normalized data was used as 

a distance measure. Pearson product correlations for the relative proportions of the variables 

are shown in the vector loading plot. The length and direction of the vectors indicate the 

strength of the correlation, while the direction and size of each vector indicate the relative 

abundance of that variable in the samples. 

Multivariate data analysis was conducted using the PRIMER 6 v.6.1 software package 

(PRIMER-E Ltd., Plymouth). 
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4.4 Results and Discussion 

4.4.1 Molecular identification of Chlorella sp. Barcarello 

The Colony PCR using the universal primers for the amplification of 18S gave the single 

product corresponding to the expected size, as shown in Figure S1 of supplementary material. 

The obtained sequence was deposited in Genbank database with the name Chlorella sp. 

(Barcarello) and the code MT259187.1. Table 3 shows the percentage of identity of the DNA 

sequence of 18S rRNA gene from Chlorella sp. Barcarello with other known Chlorella 

strains. 

Table 3. Identity of the DNA sequence of 18S rRNA gene from Chlorella sp. Barcarello with other known 

Chlorella strains  
 

Isolate species Target Identity Accession 

Chlorella sp. 

Barcarello 
18S ribosomal 

RNA gene 
100% MT259187.1 

Chlorella sp. Pozzillo 
18S ribosomal 

RNA gene 
99.6% MT259188.1 

Chlorella vulgaris 

isolate UMT-M1 
18S ribosomal 

RNA gene 
99.6% KJ561358.1 

Chlorella kessleri 

strain SAG 211-11g 
18S ribosomal 

RNA gene 
98.8% X56105.1 

 

4.4.2 Microalgal growth and productivity 

Chlorella sp. Pozzillo, Chlorella sp. Barcarello and D. viridis were grown in four different 

conditions: LT-LS, LT-HS, HT-LS, HT-HS. Growth curves are reported in Figure 1. At the 

end of the cultivation, Chlorella strains reached a final biomass concentration ranging 

between 0.3 and 1 g L-1, similar values were observed by other authors using the same genus 

[30,31]. The final biomass concentration of D. viridis was, instead, around 0.3 g L-1, as 

observed also by other authors [32]. 

https://www.ncbi.nlm.nih.gov/nucleotide/MT259187.1?report=genbank&log$=nucltop&blast_rank=1&RID=BC3TZ7VB013
https://www.ncbi.nlm.nih.gov/nucleotide/MT259188.1?report=genbank&log$=nucltop&blast_rank=2&RID=BC3TZ7VB013
https://www.ncbi.nlm.nih.gov/nucleotide/KJ561358.1?report=genbank&log$=nucltop&blast_rank=4&RID=BC3TZ7VB013
https://www.ncbi.nlm.nih.gov/nucleotide/X56105.1?report=genbank&log$=nucltop&blast_rank=29&RID=BC3TZ7VB013
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Figure 1. Growth curves of Chlorella sp. Pozzillo (a), Chlorella sp. Barcarello (b) and Dunaliella viridis (c) 

at Low Temperature-Low Salt (LT-LS), Low Temperature-High Salt (LT-HS), High-Temperature-Low Salt 

(HT-LS) and High Temperature-High Salt (HT-HS). Data are reported as means (n=3) with s.d. as error bars. 

As shown in Figure 1 a, Chlorella sp. Pozzillo displayed the best growth performance when 

cultured in LT-LS condition, while it progressively decreased in HT-LS, in HT-HS and LT-

HS. On the other hand, Chlorella sp. Barcarello (Figure 1b), showed an improved growth 

compared to the others in the HT-LS condition, while the LT-LS condition was similar to the 
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other Chlorella strain. The same strain showed lower growth performances (and similar to 

each other) in LT-HS and HT-HS conditions. D. viridis (Figure 1c) showed similar initial 

growths in all the tested conditions, while a decrease of growth was observed in the last days 

of the HT-HS one. Batch productivities were also calculated from the data for all 8 days, and 

the results are reported in Figure 2. In Chlorella genus the productivity ranged from 0.04 to 

0.15 g L-1d-1, and the only condition in which there was an evident increase was in Chlorella 

sp. Barcarello HT-LS condition, while D. viridis showed productivity around 0.03 g L-1 in 

almost all the tested conditions except for HT-HS, case in which the combination of the two 

stresses made the productivity to decrease. These results are in line with other studies [33,34]. 

It is worth noting that the reported productivity is calculated on the base of batch data after 8 

days of growth (averagely the duration of the exponential phase), while industrial cultivation 

is usually based on continuous mode. Furthermore, the productivity may significantly vary 

when scaling up on industrial systems. Even if the data do not yet indicate a commercially 

viable scenario, they may be compared with literature data obtained in outdoor 

photobioreactors [35–37] in similar conditions.  

 

Figure 2. Batch productivities of Chlorella sp. Pozzillo, Chlorella sp. Barcarello and Dunaliella viridis 

grown at Low Temperature-Low Salt (LT-LS), Low Temperature- High Salt (LT-HS), High-Temperature-

Low Salt (HT-LS) and High Temperature-High Salt (HT-HS). Data are reported as mean (n=3) and error bars 

report the standard deviations. 

Chlorella genus was reported to respond differently when exposed to different temperatures. 

For example, Lu et al. found that the optimum growth temperature for a strain of Chlorella sp. 
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was 25 °C [38] while for Chlorella vulgaris it was found at about 30°C [39]. The variety is 

highlighted when considering the high range of optimum temperatures: Zhang et al. found the 

optimum growth for a strain of Chlorella sp at 18°C [40] while Turon et al. at 35°C for 

Chlorella sorokiniana [41]. The response of Chlorella strains shown in this study at different 

temperatures is, therefore, well inserted in the context of the abovementioned studies, in both 

cases of Chlorella sp. Pozzillo and Barcarello. Furthermore, a Chlorella strain isolated from 

the Mediterranean Sea was found to have a better growth response at the highest tested 

temperature compared to lower temperatures by Pulina et al. [42]. Even if the maximum 

temperature of the cited study was 17°C, far from the 34°C tested in the present study, we 

may assume that the trend is similar and that increasing the temperature leads to an advantage 

in terms of growth performance. This may be related also to the location from which the 

strains were harvested, in both cases the Mediterranean Sea. D. viridis, on the other hand, was 

reported to have a similar growth performance at 25°C and 35°C also by other authors [43] 

confirming our findings. The increase of the growth performance of Chlorella sp. Barcarello 

with temperature is an advantage if considering the high costs associated with temperature 

control system in outdoor facilities and that in Sicily external temperature during summer 

may reach 40°C. 

The effect of salinity on Chlorella sp. growth was also previously reported by Asem et al. 

[44], who observed an optimal growth at a salinity of 30 g L-1 NaCl. This concentration is 

comparable with the LS condition of the present study, and the decrease of growth 

performance of both Chlorella strains HS condition found in this study is therefore in line 

with the abovementioned research. D. viridis is known as a halotolerant strain, following the 

locations where it was selected, a salter pond in Sicily. Byrd et al. reported, for several 

Dunaliella strains, the optimum salinity [45]. The optimum salinity for D. viridis is 60 g L-1 

NaCl, close to the concentration of the LS condition in this study (90 g L-1) (Table 1). We 

may conclude that this specific strain of D. viridis, isolated from a pond where NaCl was 

above 200 g L-1, has a wide range of salt tolerance and has a similar response at very high salt 

concentrations. This trait may result in an advantage if considering that it may be cultivated 

also in brines coming from wastes from industry or natural sources. 
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4.4.3 Total lipids quantification 

After the growth, microalgal biomass was harvested and freeze-dried and the biomass was 

then employed to perform total lipids quantification. The lipid content of the analysed algal 

strain is shown in Figure 3. 

 

Figure 3. Total lipid content on dry weight (DW) in the strains Chlorella sp. Pozzillo in Chlorella sp. 

Barcarello and Dunaliella viridis. Values are reported as means (n=3) and error bars report the standard 

deviations. Different letters indicate significant differences among various treatment in each species at P<0.05  

Chlorella strains showed a lipid content between 12.03±0.15% (Chlorella sp. Pozzillo HT-

HS) and 17.53±2.24% (Chlorella sp. Barcarello LT-HS), while D. viridis, lipid content 

ranged between 13.51±1.14% (HT-HS) and 20.74±1.42% (HT-LS) accordingly to the 

literature [46,47].  

D. viridis grown in low salinity conditions, both at low and high temperature, showed the 

highest lipid content (20.41±2.63% and 20.74±1.42%, respectively), while the lowest lipid 

content was observed when both high temperature and high salinity (HT-HS) are present. 

In Chlorella strains, at low salinity conditions (LS, 0.35 M) (Table 1), the lipid content was 

16.86±1.42% (LT-LS) and 16.06±1.24% (HT-LS) in Chlorella sp. Pozzillo, and 15.98±2.48% 

(LT-LS) and 14.00±1.14% (HT-LS) in Chlorella sp. Barcarello. The values observed are 

comparable to the values obtained by Rismani and Shariati [48] in Chlorella vulgaris at the 

salinity of 0.2 M. At high salinity conditions (HS, 0.7 M) Chlorella sp. Pozzillo always 

showed a decrease in lipid content compared to the relevant low salinity condition. Similar 

results were obtained by Campennì et al. [49], who found that the lipid content in Chlorella 

protothecoides tends to decrease when increasing the salinity above 0.35 M. A different result 



130 

 

was found in Chlorella sp. Barcarello, for which, at LT-HS conditions, a slight increase in 

lipid content was observed. Similar results were obtained by other authors [50,51] who 

observed an increase in lipid content in Chlorella vulgaris and Chlorella sorokiniana 

respectively. Finally, at HT-HS conditions, Chlorella sp. Barcarello showed a decrease in the 

lipid content as observed in all the other species. 

As regards temperature, in the present work the stress caused by the high temperature tended 

to decrease the lipid content in all the Chlorella strains; this result is confirmed by several 

studies showing that the cultivation of Chlorella vulgaris at a temperature of 25° C led to a 

lipid content larger than those cultivated at 30° C. [46,52,53]. A slightly different behaviour 

was observed in D. viridis, where, at LS conditions, similar lipid contents were obtained at 

low and high temperature. Finally, similarly to Chlorella strains, when the two stressing 

conditions are simultaneously present (HT-HS), the lowest value in lipid content is observed. 

This result is in line with the ones detected by Rismani and Shariati [48] on the same species 

in high salinity conditions (NaCl 3 M).  

In this work, all species showed a tendency to reduce lipid content as stress increased and 

salinity seemed to have the most discriminating effect. 

As for industrial applications, both growth performances and lipid production need to be 

considered. If we look at the obtained results, the best parameters were observed in the strains 

Chlorella sp Barcarello HT-LS (18.47±0.23 mg L-1 d-1) and in Chlorella sp Pozzillo LT-LS 

(11.97±0.09 mg L-1 d-1) (Table S1 Supplementary Material). Also in this case, the lipid 

productivity may be compared with the one obtained from outdoor photobioreactors [35–37]. 

4.4.4 Analysis of fatty acids 

Fatty acids were analysed starting from total lipid extract. Results are shown in Table S2 of 

Supplementary Material and Figure 4. In Chlorella strains, saturated fatty acids (SFAs) 

ranged from 23.57±1.73% total fatty acids (TFAs) (Chlorella sp. Barcarello LT-LS) to 

29.98±1.31% TFAs (Chlorella sp. Barcarello LT-LS) while in D. viridis they ranged from 

17.07±1.42% TFAs (LT-LS) to 41.56±0.16% TFAs (HT-HS) (Table S2 of Supplementary 

Material and Figure 4). Monounsaturated fatty acids (MUFAs) in Chlorella strains varied 

from 2.57±1.14% TFAs (Chlorella sp. Barcarello HT LS) to 5.97±0.12% TFAs (Chlorella sp. 

Barcarello HT-HS) and in D. viridis from 5.85±0.05% TFAs (LT-LS) to 9.13±0.07% TFAs 

(LT HS) (Table S2 of Supplementary Material and Figure 4). Lastly, polyunsaturated fatty 

acids (PUFAs) in Chlorella strains ranged from 65.78±0.57% TFAs (Chlorella sp. Pozzillo 

HT-HS) to 73.12±1.92% TFAs (Chlorella sp. Barcarello LT-LS), while in D. viridis from 
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46.77±0.14% TFAs (HT-HS) to 64.91±0.22% TFAs (HT-LS) (Table S2 of Supplementary 

Material and Figure 4). These results are in line with other works in literature [48,54,55]. 

Microalgae are a source of n-3 fatty acids. In recent years, many studies have been undertaken 

to evaluate the effect of various treatments on the quantity and quality of lipids obtained from 

microalgae, in particular, the omega-3 fatty acids including alpha-linolenic acid (ALA) 

(C18:3 n-3), eicosapentaenoic acid (EPA) (C20:5 n-3), docosahexaenoic acid (DHA) (C22:6 

n-3) [56]. This interest is justified by their industrial importance caused by the significant 

health benefits they provide [57] and consequently their high market value [58]. 

In general, it can be observed that Chlorella strains (both Pozzillo and Barcarello) showed a 

higher PUFA n-6 content and the predominant fatty acid is linoleic acid, 18:2 n-6; while in D. 

viridis the PUFA n-3 were the most representative PUFA class, with the highest concentration 

of 18:3n-3 (Table S2 of Supplementary Material). 

As demonstrated by Pandit et al., the fatty acid profile of C. vulgaris varies with saline stress 

[59]. Our results confirmed their findings: in particular, we observed that the combination of 

HS and HT factors caused a significant decrease of the PUFA class in all the analysed strains: 

from 72.75±0.28 to 65.78±0.58 in Chlorella sp. Pozzillo, from 73.12±1.92 to 68.94±0.23 in 

Chlorella sp. Barcarello and from 63.08±3.50 to 46.77±0.14 in D. viridis. In particular, in 

D. viridis the decrease of PUFA is linked to an increase of SFA, which reached 41.54±0.71% 

(HT-HS) with an increase of 16:0 (36.51±0.21). Also, a reduction in the ratio n-3/n-6 is 

observed for PUFA, as it significantly 18:3n3 decreases (9.14±0.24) and 18:2n-6 increases 

(25.74±0.28). This condition demonstrated how the synergistic effect of the two factors (HT-

HS) resulted in a significant shift in fatty acid composition.  

It is important to underline that the content of n-3 PUFA shows the same trend of the total 

lipids in D. viridis (Figure 4). On the other hand, the strains of Chlorella showed in both the 

analysed strains a different behaviour as n-3 PUFA increased when the cells were cultured in 

high salt condition (LT-HS) (Figure 4 and Table S2 of Supplementary Material). Furthermore, 

the production of some classes of significant fatty acids (EPA and DHA) were triggered in 

temperature stress conditions in Chlorella sp. Pozzillo and D. viridis (Table S2 of 

Supplementary Material), although in both Chlorella strains total n-3 PUFA class decreased 

in HT conditions.  
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Figure 4. Fatty acids class composition (%, w/w) and total lipids of Chlorella sp. Pozzillo, Chlorella sp. 

Barcarello and Dunaliella viridis grown at Low Temperature-Low Salt (LT-LS), Low-Temperature-High Salt 

(LT-HS), High-Temperature-Low Salt (HT-LS) and High Temperature-High Salt (LT-HS). Data are reported 

as means (n=3) with standard deviation.  

4.4.5 Total phenolic content and DPPH radical scavenging activity 

The total phenolic content and anti-oxidative activity of microalgae, the latter evaluated 

through the DPPH assay, are shown in Figure 5. The total phenolic content (Figure 5a) varied 

significantly amongst the microalgae species examined (P<0.05), with D. viridis HT LS 

accumulating the highest concentration (6.32±0.04 mg GAE g-1 DW) and Chlorella sp. 

Pozzillo LT HS and D. viridis HT HS the lowest (2.96±0.05 and 1.62±0.04 mg GAE g-1 DW, 

respectively).  
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Figure 5. Total polyphenol content (mg GAE g-1 DW) (a) and DPPH radical scavenging activity (IC 50, mg 

DW mL-1) (b) in the strains Chlorella sp. Pozzillo in Chlorella sp. Barcarello and in Dunaliella viridis. 

Values are reported as means (n=3) and error bars report the standard deviations. Different letters indicate 

significant differences among various treatment in each species at P<0.05 

As regards the anti-oxidative activity of microalgae, it is expressed through the IC50 parameter 

and results are shown in Figure 5b. The anti-oxidative activity is expressed as the quantity of 

antioxidant (biomass) needed to have the inhibition of 50% of radical DPPH activity, 

consequently, low values of IC50 correspond to a higher antioxidative activity of microalgal 

biomass. In general, in the strains of Chlorella values of IC50 ranged between 2.46±0.01 and 

4.96±0.01 mg DW mL-1 (Chlorella sp. Barcarello HT-LS and HT-HS, respectively), while in 

D. viridis between 3.00±0.07 and 8.41±0.65 mg DW mL-1.  

The different concentration of polyphenols is an intrinsic peculiarity of each species, in fact 

Maadane et al. [60] showed that different species of microalgae have different polyphenolic 
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content and that the genus Dunaliella presents a higher polyphenolic content than Chlorella 

sp. [60], confirming the result of this work. 

Studies on the simultaneous effect of temperature and salinity have barely been performed 

[61] and the results on the polyphenol content further highlight the combined effect of the two 

factors salinity and temperature (HT-HS). This condition caused in D. viridis a significant 

decrease in polyphenols and also the lowest antioxidant activity (Figure 5b), with the values 

of IC 50 at 8.41±0.65 mg DW mL-1. 

Studies conducted by Singh et al. [62] on the congeneric Dunaliella salina, have shown an 

increase in antioxidant activity under different stress conditions (increased temperature or 

salinity) [62]. Our data showed that the increase in temperature under conditions of low 

salinity maintains a high antioxidant activity (IC 50 3.29±0.16 mg DW mL-1) and that the 

combination of the two factors is the trigger that significantly reduces antioxidant activity. 

This synergistic effect is also observed in Chlorella sp. Barcarello where the combination of 

HT and HS led to a lower antioxidant activity (IC 50 4.96±0.01 mg DW mL-1), while HT LS 

showed the best antioxidant activity (IC 50 2.46±0.13 mg DW mL-1). 

4.4.6 Beta carotene and chlorophyll analysis 

Figure 6 shows the total content of chlorophyll a and β-carotene. 
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Figure 6. Chlorophyll a (mg g-1 DW) (a) and β-carotene (mg g-1 DW) (b) in the strains Chlorella sp. Pozzillo 

in Chlorella sp. Barcarello and in Dunaliella viridis. Values are reported as means (n=3) and error bars report 

the standard deviations. Different letters indicate significant differences among various treatment in each 

species at P<0.05 

In general, chlorophyll a in Chlorella strains ranged between 1.88±0.63 and 16.01±2.55 mg g-

1 DW respectively in Chlorella sp. Pozzillo HT-HS and Chlorella sp. Barcarello LT-LS, 

while in D. viridis from 3.00± 0.94 and 32.45± 9.54 mg g-1 DW in HT-HS and HT-LS 

conditions (Figure 6a). These values are in line with other works in literature regardless of 

temperature variations; for example, Ani Azaman et al. [63] have obtained values of 17.93 

(mg g-1 DW) and 15.69 (mg g-1 DW) of chlorophyll a in C. sorokiniana and C. zofingiensis 

respectively [63]. A significant decrease is observed in Chlorella sp. Pozzillo HT-HS and in 

Chlorella sp. Barcarello HT-HS (Figure 6a). 

In D. viridis a significant increase in chlorophyll a content was observed with temperature 

stress (Figure 6a), as also observed by Srirangan et al. [43] which observed that in D. viridis 
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the chlorophyll content was positively influenced by the increase in temperature from 25 to 

35°C [43]. 

As demonstrated for both lipids (Figure 3) and antioxidant activity (Figure 5), the increase of 

salinity in D. viridis induced a significant decrease in chlorophyll a production; a similar 

result was observed by Jiménez and Niell [64] who detected that the content of chlorophyll a 

and b significantly decreased with increasing salinity [64]. 

As reported in Figure 6b, the β-carotene content in Chlorella strains varied between 

0.93±0.12 and 2.79±0.11 mg g-1 DW in Chlorella sp. Barcarello HT-LS and LT-HS, 

respectively, while in D. viridis it ranged between 0.00, 2.70±0.43 and 2.70±0.17 mg g-1 DW 

in HT-HS, LT-LS and HT-LS respectively. The values of β-carotene determined are in line 

with values obtained by other authors [44]. 

As shown in Figure 6 b, β-carotene content in Chlorella strains was negatively affected by the 

temperature increase. The β-carotene content increased from 2.22±0.26 (Chlorella sp. 

Pozzillo LT-LS) to 1.88±0.63 mg g-1 DW (Chlorella sp. Pozzillo HT-LS) and from 2.44±0.79 

(Chlorella sp. Barcarello LT-LS) to 0.93±0.12 mg g-1 DW (Chlorella sp. Barcarello HT-LS). 

The production of β-carotene seems not to have been influenced by the salinity factor for both 

Chlorella strains, as also observed by Ko et al. [61].  

On the contrary, in D. viridis salinity caused a significant reduction in β-carotene content. 

While there are no significant differences when temperature varied, high salinity led to a 

drastic decrease in β-carotene content, which combined with high temperatures, leads to an 

inability of the microalgae to produce β-carotene (Figure 6b). 

We can further state that the combination of temperature and salinity stresses (HT-HS 

condition) resulted in a drastic reduction of chlorophyll a and β-carotene content in all the 

microalgal strains, as showed also by Ko et al. [61]. In all the stress conditions a correlation 

between antioxidant activity and β-carotene production was observed as demonstrated by 

Singh et al. [62] in D. salina; these results suggest that under stress conditions the antioxidant 

effect may be due to an increase in β-carotene production [62]. There is no correlation 

between the antioxidant capacity and phenolic content, indicating that these compounds may 

not contribute significantly to the antioxidant activity of these microalgae [60].  

Considering their properties, carotenoids have various industrial applications in food, 

nutraceutical and pharmacological industries [65]. Therefore, possible use of these microalgal 

strains in the industrial sector should consider that the highest productivity of chlorophyll a 

was obtained in Chlorella sp. Barcarello HT-LS (Table S1 supplementary materials). As 
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regards β-carotene the optimum productivity was obtained in Chlorella sp. Pozzillo LT-LS 

and LT-HS (0.16±0.03 and 0.47± 0.03 mg L-1 d-1) (Table S1 supplementary materials). 

4.4.7 nMDS and Pearson’s correlation 

The nMDS and Pearson’s correlation studies (Figure 7) revealed that the assembling of the 

three microalgae strains is affected both by every single abiotic variable (salinity and 

temperature) and by the combination of the two abiotic variables. When D. viridis is subjected 

to high temperatures (HT) and high salinity (HS), it shows a different behaviour compared to 

the same species not subjected to the synergistic effect of the two stresses (LT-LS, LT-HS and 

HT-LS). 

 

 

Figure 7. nMDS and Pearson’s correlation used to evaluate patterns in polyphenols, DPPH, lipid content, SFA, 

MUFA, PUFA, PUFA n-3, PUFA n-6, n-3/n-6 chlorophyll a and β-carotene, in relation to salinity and 

temperature variables in the strains Chlorella sp. Pozzillo (CP) in Chlorella sp. Barcarello (CB) and in 

Dunaliella viridis (DV). LT: low temperature, LS: low salinity, HT: high temperature, HS: high salinity. 

D. viridis and both Chlorella sp. strains are clearly separated from each other while Chlorella 

sp. Pozzillo and Barcarello show a similar trend between themselves. This proves that the 

three strains are not only influenced by the intrinsic characteristics of the species but even by 

the abiotic stressors. 
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4.5 Conclusions 

In this work, two strains of Chlorella and one of Dunaliella were cultivated on a lab scale in 

four different conditions: Low Temperature-Low Salt (LT-LS), High-Temperature-Low Salt 

(HT-LS), Low Temperature-High Salt (LT-HS) and High Temperature-High Salt (HT-HS). 

Kinetic parameters were estimated together with biochemical parameters.  

Results indicated that high salinity decreased the productivity of both Chlorella strains and D. 

viridis. The increase of temperature enhanced the productivity in Chlorella sp. Barcarello, 

while the combination of HT and HS worsened the growth performance in all strains.  

The increase of temperature and salinity decreased the lipid content in all the strains and 

caused a significant shift in fatty acid composition, leading, in Chlorella strains cultivated in 

LT-HS condition, to an interesting increase in the production of n-3 PUFAs. Results indicated 

that also the carotenoids composition is influenced by the stress environmental conditions in 

which microalgae are cultivated, with a decrease in chlorophyll a and β-carotene in many of 

the stressed conditions.  

Although microalgae resulted able to tolerate high temperatures and high salinity, microalgal 

growth was significantly affected by those environmental stressors. For this reason, the kind 

of application is a major factor to consider when choosing the growth parameter from an 

industrial perspective. For example, in Sicily, the diurnal temperature during summer may 

reach 40°C and in an outdoor facility, one of the main costs is the cooling system, not 

necessary when employing heat-tolerant strains with the appropriate application. To this 

respect, the microalgae Chlorella sp. Barcarello resulted in markedly suitable for being 

cultivated at high temperature. It is worth noting the relevant shift in lipid content and its 

composition, together with the changes in carotenoid’s composition, that may be interpreted 

as an adaption to the stress condition in which the cells grew.  

The data obtained from this preliminary research lay the foundation for the development of a 

regional-based algal industry that exploits a local resource, the microalgal strains, to produce 

biomass and other high-value compounds. 
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4.7 Supplementary materials 

Supplemental figure S1. Gel electrophoresis of PCR product on 1% agarose gel; M: 

molecular marker, +: positive control, 1: 18S rDNA product of Chlorella sp. Barcarello, - : 

negative control.  

 
 

Supplemental table S1. Batch productivities of chlorophyll, beta-carotene and lipids in 

Chlorella sp. Pozzillo, Chlorella sp. Barcarello and Dunaliella viridis grown at Low 

Temperature-Low Salt (LT-LS), Low Temperature- High Salt (LT-HS), High-Temperature-

Low Salt (HT-LS) and High Temperature-High Salt (HT-HS). Data are reported as as means 

(n=3) with s.d. 

Productivity (mg/L/d) 

Microalgae Condition Chlorophyll Beta-carotene Lipids 

Chlorella sp (Pozzillo) LT LS  1.13 ± 0.14 0.16 ± 0.03 11.97 ± 0.09 

Chlorella sp (Pozzillo) LT HS 0.54 ± 0.17 0.14 ± 0.03 6.88 ± 0.07 

Chlorella sp (Pozzillo) HT LS 0.92 ± 0.20 0.12 ± 0.04 9.93 ± 0.02 

Chlorella sp (Pozzillo) HT HS 0.10 ± 0.03 0.09 ± 0.02 6.97 ± 0.03 

Chlorella sp (Barcarello) LT LS  1.05 ± 0.17 0.16 ± 0.05 10.48 ± 0.01 

Chlorella sp (Barcarello) LT HS 0.55 ± 0.04 0.11 ± 0.01 6.76 ± 0.11 

Chlorella sp (Barcarello) HT LS 2.04 ± 0.34 0.12 ± 0.02 18.97 ± 0.23 

Chlorella sp (Barcarello) HT HS 0.32 ± 0.05 0.05 ± 0.01 4.58 ± 0.01 

Dunaliella viridis LT LS  1.01 ± 0.18 0.09 ± 0.01 7.19 ± 0.12 

Dunaliella viridis LT HS 0.25 ± 0.01 0.03 ± 0.01 6.37 ± 0.04 

Dunaliella viridis HT LS 0.99 ± 0.29 0.08 ± 0.01 6.35 ± 0.01 

Dunaliella viridis HT HS 0.03 ± 0.01 0.00 ± 0.00 1.45 ± 0.02 



 

Supplemental table S2. Fatty acids Composition (%, w/w) of Chlorella sp (Pozzillo) CP, Chlorella sp (Barcarello) (CB) and Dunaliella viridis 

(DV) grown at Low Temperature-Low Salt (LT-LS), Low-Temperature-High Salt (LT-HS), High-Temperature-Low Salt (HT-LS) and High 

Temperature-High Salt (LT-HS). Data are reported as means (n=3) with standard deviation. Different letters indicate significant differences among 

various treatment in each species at p<0.05. 

 
Chlorella sp Pozzillo Chlorella sp Barcarello Dunaliella viridis 

 
LT LS LT HS HT LS HT HS LT LS LT HS HT LS HT HS LT LS LT HS HT LS HT HS 

14:00 1.30±0.10de 1.23±0.00cd 1.91±0.02g 1.23±0.13cd 1.20±0.12cd 1.07±0.01b 1.36±0.02ef 0.86±0.05a 1.30±0.03de 1.15±0.09bc 1.17±0.05bcd 1.44±0.01f 

15:00 0.40±0.00a 0.30±0.10 0.33±0.00a 0.26±0.02a 0.31±0.19a 0.32±0.02a 0.31±0.12a 0.28±0.05a 0.41±0.05a 0.40±0.00a 0.43±0.06a 0.56±0.02b 

16:00 18.89±0.56cd 19.81±0.01d 21.60±0.22e 22.23±0.30e 18.57±1.92cd 19.17±0.21d 24.15±1.86f 17.31±0.06bc 14.04±1.66a 16.12±0.21b 19.85±0.15d 36.51±0.21g 

16:1n-7 1.11±0.04bc 1.00±0.01bc 1.94±0.02d 2.33±0.12d 1.30±0.05bc 1.21±0.01c 0.74±0.78b 2.75±0.04e 0.41±0.04a 0.78±0.01b 1.10±0.06bc 2.63±0.01e 

16:2n-4 19.97±0.42g 16.15±0.58d 18.40±0.19f 18.66±0.26f 19.83±0.76g 12.61±0.50c 21.38±0.15h 17.63±0.06e 2.36±0.01a 2.22±0.01a 1.92±0.05a 8.60±0.50b 

16:3n-4 6.65±0.24e 8.15±0.62g 0.17±0.00a 1.42±0.03b 7.20±0.23f 10.26±0.11h 0.18±0.09a 0.19±0.05a 6.99±0.28f 6.20±0.29d 12.44±0.07i 3.29±0.11c 

18:00 0.95±0.08cd 1.09±0.02e 1.69±0.02h 1.66±0.00h 0.91±0.02c 1.20±0.01f 1.01±0.15d 1.91±0.04i 0.52±0.04a 0.51±0.00a 0.79±0.06b 1.36±0.01g 

18:1n-9 0.77±0.03a 1.25±0.08b 3.65±0.04g 2.25±0.07d 0.75±0.19a 1.47±0.02c 1.47±0.35c 2.46±0.04e 3.73±0.23g 6.31±0.05i 3.48±0.03f 4.29±0.02h 

18:1n-7 0.86±0.04c 0.79±0.02c 0.50±0.01b 0.45±0.02b 1.16±0.04d 1.28±0.01e 0.35±0.02a 0.75±0.05c 1.72±0.22f 2.05±0.02h 2.44±0.04i 1.91±0.01g 

18:2n-6 33.20±0.21f 30.29±1.83e 41.10±0.42h 39.19±1.00g 32.31±0.99f 25.92±0.28d 41.19±0.59h 47.40±0.25i 19.58±0.93c 18.19±0.14b 16.68±0.11a 25.74±0.28d 

18:3n-3 12.92±0.25c 16.65±1.74d 3.22±0.03a 3.73±0.06a 13.78±1.46c 21.90±0.24e 4.70±0.35a 3.73±0.03a 34.15±2.85g 29.25±0.23f 29.41±0.25f 9.14±0.24b 

20:00 2.96±0.05e 3.32±0.01f 0.26±0.00a 3.82±0.07h 2.68±0.52d 3.58±0.04g 3.15±0.30ef 4.74±0.02i 0.81±0.21b 0.37±0.00a 0.66±0.06b 1.70±0.04c 

20:5n-3 
  

1.04±0.01b 
       

0.74±0.06a 
 

22:5n-6 
  

0.13±0.00a 0.64±0.02b 
      

1.38±0.05c 
 

22:6n-3 
  

4.07±0.98b 2.15±0.04a 
      

2.35±0.04a 
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Concluding remarks  

One of the main goal of the European Blue Growth strategy, to whom this industrial PhD project is 

related, is the contribution to the development of the aquaculture sector also by marine 

biotechnology approach, to increase the economic and environmental sustainability of this sector 

and the consumer acceptability [1]. 

In particular, based on the proved environmental and economic benefit of the development of 

integrated multi-trophic aquaculture (IMTA) [2], the NUTRAQUA project was addressed to 

develop this sector at regional level through: the identification of co-cultivable extractive species 

within a sea bass and sea bream hatchery recirculating aquaculture system (RAS), the optimization 

of the productive performance of the co-cultivated species, the extraction of high commercial value 

nutraceuticals, and the development of monitoring systems. 

The study involved five microalgal strains, Nannochloropsis sp., Isochrysis galbana and 

Phaeodactylum tricornutum, Chlorella sp. e Dunaliella viridis, cultured under different media 

conditions to induce nutritional, thermal, and salt stress; one macroalga species, Gracilaria gracilis 

and one halophyte plant, Arthrocnemum macrostachyum, cultivated in the hatchery pond. On these 

cultivated species lipid, phenolic compounds and carotenoids content were assessed by chemical 

analyses; the bioavailability of the extracted compounds at cellular level were assessed in vitro by 

testing the antioxidant power of the compounds against induced oxidative stress and the its 

bactericidal activity. 

The assessment of lipid yields, total polyphenols and total carotenoids and the analysis of the 

antioxidant potential in microalgae confirmed that the production of lipids is species-specific, as 

well as related to the culture conditions to which the microalgae are subjected.  

The study also focused on the molecular changes occurring on microalgae as a response to nutrient 

imbalances, common in aquaculture facilities, revealing that different culture conditions result in 

different modulations of target genes. Therefore, this study highlighted the validity of the molecular 

approach in monitor the metabolic status of microalgal cultures. 

The bioactivity of the antioxidants obtained from microalgae, cultivated in IMTA, was tested on 

Sparus aurata fibroblast cell line (SAF-1) induced to oxidative stress with the chemical inducer 

BDE-47; the obtained results showed that the pre-treatment of cells with the antioxidants exerted  a 

protective capacity at cellular level preventing toxicity, attesting the potential of application of the 

obtained bioactive compounds system, in both nutraceutical, cosmeceutical, and pharmaceutical 

fields. 
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In addition, the obtained microalgal extracts tested against fish pathogens showed a dose-

dependently bactericidal activity and thus its potential as natural substitutes to antibiotics in the 

aquaculture sector. 

Another experiment was conducted on the isolation and identification of local Sicilian microalgal 

strains for the development of the Sicilian outdoor aquaculture, taking into account the high 

temperatures reached in outdoor tanks during the summer season in Sicily. Through this study, ideal 

conditions for optimizing the production yields in lipids and antioxidants in native microalgal 

strains were investigated for their use in Sicilian regional outdoor aquaculture. 

Finally, another study conducted on the polyphenol yields of the macroalga G. gracilis and on the 

halophyte A. macrostachyum grown in the aquaculture pond, revealed that these species, cultivated 

under the hatchery pond growing conditions, represent an important source of natural antioxidants. 

Furthermore, in vitro studies on human skin fibroblast cell line (Hs68) exposed to oxidative stress 

by UV irradiation, showed that the halophyte bioactive compounds, extracted by Supercritical Fluid 

Extraction (SFE), protect against oxidative stress, suggesting the utilization of these compounds in 

the nutraceutical, pharmaceutical and cosmeceutical sectors.  

In conclusion, through this multidisciplinary study that included the use of different culture 

techniques for microalgae, one macroalgae and one halophyte, biochemical analysis, innovative 

extraction methods, molecular biology analysis and in vitro tests, it has been highlighted how the 

selection of co-cultivable species for the development on a regional scale of the IMTA industrial 

sector ensures high levels of productivity as the co-cultivated extractive species produce biomass 

rich in bioactive compounds that have antioxidant and antimicrobial properties that can find 

applications in the nutraceutical, cosmeceutical and pharmaceutical industries. Furthermore, the 

projects demonstrated to have meet the Blue Growth strategy goal as, thanks to the obtained results 

and their transfer to the enterprise, it could contribute to increase its economic and environmental 

sustainability and the consumer acceptability on aquaculture sector. 
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