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Abstract

:

In extreme environments such as Antarctica, a diverse range of organisms, including diatoms, serve as essential reservoirs of distinctive bioactive compounds with significant implications in pharmaceutical, cosmeceutical, nutraceutical, and biotechnological fields. This is the case of the new species Craspedostauros ineffabilis IMA082A and Craspedostauros zucchellii IMA088A Trentin, Moschin, Lopes, Custódio and Moro (Bacillariophyta) that are here explored for the first time for possible biotechnological applications. For this purpose, a bioprospection approach was applied by preparing organic extracts (acetone and methanol) from freeze-dried biomass followed by the evaluation of their in vitro antioxidant properties and inhibitory activities on enzymes related with Alzheimer’s disease (acetylcholinesterase: AChE, butyrylcholinesterase: BChE), Type 2 diabetes mellitus (T2DM, α–glucosidase, α–amylase), obesity (lipase) and hyperpigmentation (tyrosinase). Extracts were then profiled by ultra-high-performance liquid chromatography–mass spectrometry (UPLC–HR–MS/MS), while the fatty acid methyl ester (FAME) profiles were established by gas chromatography–mass spectrometry (GC–MS). Our results highlighted strong copper chelating activity of the acetone extract from C. ineffabilis and moderate to high inhibitory activities on AChE, BChE, α–amylase and lipase for extracts from both species. The results of the chemical analysis indicated polyunsaturated fatty acids (PUFA) and their derivatives as the possible compounds responsible for the observed activities. The FAME profile showed saturated fatty acids (SFA) as the main group and methyl palmitoleate (C16:1) as the predominant FAME in both species. Overall, our results suggest both Antarctic strains as potential sources of interesting molecules with industrial applications. Further studies aiming to investigate unidentified metabolites and to maximize growth yield and natural compound production are required.
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1. Introduction


Recent advances in molecular technologies and the increasing knowledge on the biological diversity of remotes regions on Earth, have rendered bioprospection a convenient and little-disruptive alternative in the exploitation of different environments [1,2,3,4]. Marine bioprospecting aims to draw on the large arsenal of molecules, enzymes and genes present in little-known organisms [1]. Particularly, the study of microalgae and seaweeds revealed already the presence of structurally unique secondary metabolites, new genes, and enzymes with possible commercial value [5,6]. It is estimated that around 15,000 novel compounds were isolated and structurally identified from algae, including lipids, proteins, pigments, carbohydrates, and other chemically active metabolites [5,6,7,8]. Algae are considered as a sustainable and renewable feedstock with significant industrial potential [8,9]. As a result, the algal products market was valued at USD 975.63 million in 2022, and it is expected to grow up to USD 1540.38 million by 2030 [10]. However, while model algae, such as Chlamydomonas reinhardtii Dangeard and Phaeodactylum tricornutum Bohlin, have been studied for decades and are currently cultivated on an industrial scale [11], little is known regarding non-model extremophilic phototrophs [12]. Particularly, Antarctic algae have evolved unique strategies for surviving in harsh environmental conditions of low temperatures, repeated freeze and thawing cycles, osmotic stress, desiccation, low nutrients availability, variable solar irradiance, and high UV radiation by producing a wide variety of natural products with different structural, and functional properties [12]. Extreme environments, such as Antarctica, are important sources of novel active compounds, which are potentially useful for pharmaceutical, cosmeceutical, nutraceutical, and biotechnological applications [4]. Over the last decade, increasing taxon sampling in Antarctica together with the employment of molecular data resulted in the description of many novel lineages of phototrophs belonging to different taxonomic groups [13,14,15,16]. Among them, two novel species of diatoms of the genus Craspedostuaros E.J. Cox, were isolated from sea ice in the Ross Sea, cultivated, sequenced, and described as Craspedostauros ineffabilis IMA082A Trentin, Moschin, Lopes, Custódio and Moro and Craspedostauros zucchellii IMA088A Trentin, Moschin, Lopes, Custódio and Moro [14]. A preliminary analysis of acetone extracts from both species revealed differences in their metabolic fingerprints, when cultivated at the same growth conditions, suggesting the employment of different survival strategies [14]. The rapid growth of both strains and the promising results in their biochemical profiling, rendered C. ineffabilis and C. zucchellii as valuable candidates for bioprospecting [14]. For these reasons, in the present work we appraised both species as potential sources of bioactive molecules. With this in mind, both strains were cultivated at the same conditions, and their biomasses were harvested and freeze-dried. Acetone and methanol extracts were prepared from dried biomass and evaluated for in vitro antioxidant activity by radical and metal-based assays and tested as enzymatic inhibitors of acetylcholinesterase (AChE) and butyrylcholinesterase (BChE), both involved in neurological disorders, α–amylase and α–glucosidase, carbohydrate-hydrolyzing enzymes involved in Type 2 diabetes mellitus (T2DM), lipase, implicated in obesity and hyperlipidemia, and tyrosinase, involved in skin hyperpigmentation and food browning. Extracts were also profiled through ultra-high-performance liquid chromatography–mass spectrometry (UPLC–HR–MS/MS) and annotated by using publicly available mass spectral libraries together with an in silico approach. Finally, lyophilized biomass was evaluated in terms of fatty acid methyl ester (FAME) profiles through gas chromatography–mass spectrometry (GC–MS).




2. Results and Discussion


2.1. In Vitro Antioxidant Properties


In this work, acetone, and methanol extracts from C. ineffabilis IMA082A and C. zucchelli IMA088A were tested for radical scavenging activity (RSA) against 2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS•+) and 1,1-diphenyl-2-picrylhydrazyl (DPPH•) radicals, for total antioxidant capacity (FRAP) and for metal chelating activities on copper and iron (Figure 1, Table 1 and Table S1). The acetone extract from C. ineffabilis showed significantly higher radical scavenging activity against ABTS•+ and DPPH• compared to the other extracts (Figure 1a,b). The FRAP was similar in terms of acetone extracts from both species and methanol extract from C. ineffabilis, whereas the C. zucchelli methanol extract showed significantly lower reducing capacity (Figure 1c). Significantly higher copper chelating properties were observed in acetone extracts from C. ineffabilis (Figure 1d), whereas other extracts showed slightly lower chelating activities, as reported in ABTS and DPPH assays. Statistically higher iron chelating capacities were reported for both C. ineffabilis extracts, with activities above 80% (Figure 1e). For samples reaching over 50% of activity at 10 mg/mL, such as both acetone and methanol extracts for ICA and acetone extract for ABTS from C. ineffabilis, the half maximal effective concentrations (EC50, mg/mL) were determined (Table 1).




2.2. Enzymatic Inhibitory Properties of the Extracts


The inhibitory effects of acetone and methanol extracts of C. ineffabilis IMA082A and C. zucchelli IMA088A were tested against AChE, BChE, α–amylase, α–glucosidase, lipase and tyrosinase (Figure 2, Table 2 and Table S2). The extracts showed moderate capability to inhibit AChE and BChE, with methanol extract from both C. ineffabilis and C. zucchelli and acetone extract from C. ineffabilis showing around 60% of inhibition on AChE (Figure 2a). Acetone extract from C. zucchelli showed significantly lower inhibitory activity when compared to previous extracts. Acetone extract from C. ineffabilis displayed the highest inhibitory capacity against BChE, followed by both acetone and methanol extracts from C. zucchelli. The methanol extract from C. ineffabilis showed significant lower inhibitory activity (Figure 2b). Acetone extracts from both species showed significantly higher inhibitory capacity on α–amylase and α–glucosidase than the methanol extracts, which displayed nil to low levels of activity (Figure 2c,d). Lipase inhibition was higher in acetone extracts of C. zucchelli, followed by acetone extracts of C. ineffabilis and methanol extracts from both species (Figure 2e). Statistical differences were observed among methanol and acetone extracts from both species in tyrosinase inhibition, with methanol extracts showing higher inhibitory capacities (Figure 2f). For samples reaching over 50% of inhibition at 10 mg/mL, the half maximal inhibitory concentrations (IC50, mg/mL) were determined (Table 2).




2.3. Chemical Profile


The chemical profiles of acetone and methanol extracts of C. ineffabilis IMA082A and C. zucchelli IMA088A were determined through UHPLC–HR–MS/MS. In acetone extracts, 31 peaks showed library spectral matches congruent with in silico analysis (Table 3); thus, these were annotated as ‘putatively annotated compounds’ (level 2), while a total of 9 peaks were annotated in methanol extracts (Table 4). Most of the annotated compounds were lipid-like molecules, such as fatty acids, glycerolipids and oxylipins.




2.4. FAMEs Profile


The FAME profiles of C. ineffabilis IMA082A and C. zucchelli IMA088A were analyzed by GC/MS (Figure 3). Saturated fatty acids (SFA) constituted 31.42 ± 0.11% and 38.54 ± 0.58% of the total detected FAMEs in C. ineffabilis and C. zucchelli, respectively (Table S3). Monounsaturated fatty acids (MUFA) represented 36.32 ± 0.37% of the total FAME in C. ineffabilis and 30.86 ± 0.85% in C. zucchelli, while polyunsaturated fatty acids (PUFA) reported in C. ineffabilis were 32.28 ± 0.29% and 30.60 ± 0.55% in C. zucchelli (Table S3). In total, twelve and eleven FAMEs were identified in C. zucchelli and C. ineffabilis, respectively. Methyl palmitoleate (C16:1) was the predominant FAME in both C. ineffabilis (33.60 ± 0.26%) and C. zucchelli (24.97 ± 1.40%), followed by methyl palmitate (C16:0) in C. zucchelli (23.64 ± 0.45%) and cis–5,8,11,14–eicosatetraenoic methyl ester (C20:4n–6) in C. ineffabilis (22.30 ± 0.39%), as reported in Table S3 and Figure 3. Overall, the FAMEs profiles of both diatoms presented the same FAMEs with exception of methyl behenate (C22:0), identified only in C. zucchelli. Despite their similar profiles, significant differences were reported among C. ineffabilis IMA082A and C. zucchelli IMA088A for most of the identified FAMEs. Methyl oleate (or its isomers methyl elaidate, C18:1) and cis–4,7,10,13,16,19–docosahexaenoate (C22:6n–3) were the sole FAMEs showing no significant differences among the two Antarctic species.




2.5. Fucoxanthin Content


Fucoxanthin concentrations (Table 5) were spectrophotometrically measured in acetone and methanol extracts of C. ineffabilis IMA082A and C. zucchelli IMA088A. Methanol extracts from both species showed the highest fucoxanthin content, while acetone extracts exhibited significantly lower concentrations of fucoxanthin (Table 3).




2.6. Discussion


Antarctic diatoms have adapted to harsh environmental conditions by developing a wide range of strategies to cope with extreme stressors (e.g., temperature, irradiance, and salinity) [17,18]. Particularly, their physiological and biochemical adaptations might represent the result of unknown evolutionary trajectories leading to the production of molecules with possible ecological, taxonomical, and biotechnological relevance [12,17,18]. This study represents an initial step to test this hypothesis by exploring the bioactive properties and the chemical profile of the Antarctic diatoms C. ineffabilis and C. zucchelli from Terra Nova Bay (Ross Sea). In a bioprospection effort, organic extracts (acetone and methanol) with different polarities were evaluated for radical scavenging activity (RSA), total antioxidant capacity, metal chelating activities and for in vitro inhibition of enzymes related with human disorders. Although methanol and acetone have similar polarities, the former has a typically polar hydroxyl group and a methyl group, while the latter has one carbonyl group and two methyl groups. Therefore, acetone can extract both polar and nonpolar substances, while methanol targets more polar compounds. The extracts exhibited moderate to low RSA towards ABTS and DPPH radicals with the acetone extract from C. ineffabilis showing significantly higher RSA. Generally, all extracts showed limited ability to reduce Fe3+ to Fe2+, which served as a measure of the total antioxidant activity of the extracts. Similarly, all extracts had moderate ability to chelate Cu2+ ions, while C. ineffabilis displayed strong Fe2+ chelating capacity for both acetone and methanol extracts. The results of in vitro antioxidant properties of the extracts showed overall modest ROS scavenging capacity of C. ineffabilis and C. zucchelli. The antioxidant activity of the extracts was likely related to the presence of chlorophylls derivatives (e.g., 10S–hydroxypheophorbide a) [19,20,21] detected in the acetone extracts and PUFAs, such as alpha-linolenic acid and eicosapentaenoic acid [22]. PUFAs might be the main responsibilities for the antioxidant activities reported in this study, since lipids and especially PUFAs are known as radical scavengers in microalgae [22,23]. It is known that environmental stressors are key factors that affect the growth performance and the accumulation of valuable compounds [24]. Thus, we expect that non-optimal growth conditions will drive enzymatic and non-enzymatic antioxidant responses to prevent the negative effects of ROS [25,26]. Further analyses are required to evaluate biochemical and physiological responses to stress of C. ineffabilis and C. zucchelli. Loliolide, a monoterpene common to several marine algae, is a well-known antioxidant, thus its presence in acetone and methanol extracts may explain their antioxidant capacities [27,28].



Acetone and methanol extracts of C. ineffabilis IMA082A and C. zucchelli IMA088A were further explored as enzymatic inhibitors for pharmaceutical and cosmetic industries. Cholinesterase enzymes (AChE and BChE) catalyze the breaking down of acetylcholine and other choline esters working as neurotransmitters [29]. Thus, the inhibition of AChE and BChE, leading to an increase in neurotransmitters levels, is considered a therapeutic strategy to alleviate symptoms associated with neurodegeneration [30,31]. The methanol extract from both species and the acetone extract from C. ineffabilis exhibited high AChE inhibition activity (above 60%), while C. zucchelli acetone extract was significantly less effective. BChE inhibition was higher in the acetone extract from C. ineffabilis, followed by both acetone and methanol extracts from C. zucchelli. It has been recently demonstrated that fucoxanthin, a marine carotenoid common in diatoms, such as Phaeodactylum tricornutum [32], and brown seaweeds, such as Sargassum horneri (Turner) Agardh [33], displays strong activities against cholinesterase enzymes [33], suggesting the possibility for future development of fucoxanthin as a pharmaceutical or a nutraceutical treatment for neurodegenerative disorders [34]. Fucoxanthin content was determined spectrophotometrically in both Craspedostauros species, suggesting the possible role of this carotenoid as AChE and BChE inhibitor. Yet, the chemical analysis of algal and plant extracts suggested a relationship between PUFA content and the inhibition of AChE and BChE [22], particularly α–linolenic acid that has a moderate capacity towards both enzymes [35]. Thus, PUFAs detected in acetone extracts, might act as AChE and BChE inhibitors. Our results showed that both Craspedostauros species are potential source of cholinesterase enzymes inhibitors, a trait reported in other microalgae like Chlorella minutissima Fott and Nováková, Tetraselmis chuii Butcher and Rhodomonas salina (Wisłouch) Hill and Wetherbee [22]. Further analyses focusing on carotenoids are necessary to validate the outcomes of this initial screening. In the management of Type 2 diabetes mellitus (T2DM), inhibiting carbohydrate-hydrolyzing enzymes (α-glucosidase and α-amylase) to restrict carbohydrate digestion and glucose absorption plays a fundamental role [29,36]. Marine algae, such as Gelidiella acerosa (Forsskål) Feldmann and Hamel, have shown efficacy in inhibiting these enzymes [37]. In this work, only the acetone extract from C. ineffabilis had relevant activity towards α–amylase, with an IC50 value of 6.87 ± 0.17 mg/mL (Table 2). Eicosapentaenoic acid, a PUFAs annotated by LC–MS analyses, was considered a good α–glucosidase inhibitor (IC50 value, 0.10 mM) by Liu et al. [38]; on the contrary, Leporini et al. [39] reported a higher IC50 value (0.250 mM) compared to acarbose (IC50 value, 0.053 mM), suggesting the low inhibitory activity of this compound. Further studies are required to unravel the role of eicosapentaenoic acid as α–glucosidase inhibitor. Pancreatic lipase catalyzes the hydrolysis of triglyceride into monoglyceride and free fatty acids, representing a preliminary step for their uptake [40]. Thus, the inhibition of this enzyme is crucial in the management of obesity and hyperlipidemia [29]. Acetone extract from C. zucchelli showed moderate (41.86 ± 4.58%) lipase inhibition at a concentration of 10 mg/mL and was the extract with the highest inhibitory capacity. Fucoxanthin and fucoxanthinol from the seaweed Undaria pinnatifida (Harvey) Suringar showed in vitro inhibition of lipase, suggesting that fucoxanthin from both Antarctic strains might be responsible for the observed activities [41]. Despite orlistat, a common pharmaceutical used in clinical practice, showed higher inhibitory activity then both our extracts (Table S2), its use is associated with side effects, such as diarrhea. Therefore, crude extracts from C. ineffabilis and C. zucchelli might be a milder alternative to prevent postprandial hyperlipidemia [41]. Tyrosinase is an enzyme involved in the synthesis of melanin in animals [42] and in the oxidation of phenolics in food [29,43]. Tyrosinase inhibitors are desirable molecules for the treatment of hyperpigmentation and melasma within the cosmetics and medicinal industries [43]. Additionally, they serve as anti-browning agents in the food and agricultural sectors [44]. Methanol extracts from both species showed low tyrosinase inhibition, while acetone extracts showed almost nil inhibitory capacity. Little is known about tyrosinase inhibitors from diatoms, however some specific algal compounds, such as phloroglucinol and its derivatives, showed strong inhibition of tyrosinase activity in the brown alga Ecklonia stolonifera [45]. Other interesting biological activities were reported for glycolipids and oxylipins, whose presence was reported acetone extracts from both strains [46,47]. These complex and poorly studied lipids are considered potential anti-tumoral and anti-inflammatory, anti-bacterial, anti-fungal and anti-parasitic compound, thus they could contribute to the plethora of activities reported in this study [46,47]. Further research is mandatory to clarify the biological actions of these molecules.



The lipid fraction of C. ineffabilis IMA082A and C. zucchelli IMA088A was rich in PUFAs, which constituted approximatively 30% of the total FAMEs in both species. Arachidonic acid methyl ester (C20:4n–6) was the most abundant PUFAs, followed by α–linolenic acids (C18:3) and linoleic acids (C18:2) methyl esters. PUFAs synthesis at cold temperature represents a well-known strategy for the maintenance of membrane fluidity in microalgae [48,49,50]. Our results are consistent with those reported for the Antarctic diatom Navicula UMACC 231, which showed around 30% of PUFAs when cultivated at 4 °C [50]. Similarly, higher percentages of PUFAs were reported at lower growth temperature in the green microalga Chlamydomonas UMACC 229 from Antarctica [50] and in other eight cold-adapted microalgal strains of different genera (Chlamydomonas, Chlorella, Tetraselmis, Pseudopleurochloris, Nannochloropsis and Phaeodactylum) [51]. The abundance of PUFAs and the presence of highly valuable fatty acids, such as docosahexaenoic acid methyl ester (22:6n–3), render C. ineffabilis IMA082A and C. zucchelli IMA088A potential sources of these essential nutrients promoting human health and valuable as aquaculture feed [52].





3. Materials and Methods


3.1. Chemicals


The compounds 2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS•+), 1,1-diphenyl-2-picrylhydrazyl (DPPH•), fatty acid methyl ester (FAME) standards (Supelco® 37 Component FAME Mix) and enzymes were purchased from Sigma (Steinheim am Albuch, Germany). Additional reagents and solvents were obtained from VWR International (Leuven, Belgium).




3.2. Biomass Collection and Preparation of the Extracts


C. ineffabilis IMA082A and C. zucchelli IMA088A were cultivated in F/2 [53] growth medium at a salinity of 35‰, at a temperature of 5 °C and a light intensity of 10 μmol photons m−2 × s−1. Diatom biomass was harvested at the exponential growth phase by centrifugation at 10,000× g for 10 min at 4 °C, supernatant was removed, and the remaining pellet was lyophilized for 24 h. Freeze-dried biomass was stored at room temperature (RT, approx. 20 °C) in the dark for subsequent analyses. Aqueous acetone and aqueous methanol extracts were prepared by mixing freeze-dried biomass (50 mg) of C. ineffabilis IMA082A and C. zucchelli IMA088A, respectively, with 20 mL of 80% (v/v) acetone and 20 mL of 50% (v/v) methanol. The diatom cell walls were disrupted with glass beads in a MM400 mixer mill (Retsch, Haan, Germany) at 30 Hz for 5 min. After 12 h of incubation at 4 °C, samples were centrifuged at 12,000× g for 10 min at 4 °C, the supernatants were collected and dried with nitrogen flux overnight. Dried extracts were first diluted at the concentration of 20 mg/mL (stock solutions) and then at 10 mg/mL (working solutions) in the corresponding solvents for the determination of in vitro antioxidant and enzymatic activities. Furthermore, dried extracts were diluted to the concentration of 2 mg/mL and filtered (0.2 nm) for the determination of their chemical profiles through UPLC–HR–MS/MS. For the chemical profiling, a quality control (QC) sample was prepared by mixing equal volumes of each filtered extract.




3.3. In Vitro Antioxidant Properties


3.3.1. RSA on DPPH• Radical


The RSA against DPPH• was evaluated by the method of Brand Williams et al. [54], adapted to 96-well microplates by Custódio et al. [55]. Briefly, the extracts (22 µL) were mixed with 200 µL of an ethanol DPPH• solution (120 µM) in 96-well microplates and incubated for 30 min at RT in the darkness. The absorbance was measured at 515 nm. BHT (1 mg/mL) was used as a positive control.




3.3.2. RSA on ABTS•+ Radical


The RSA against ABTS•+ was determined according to the method described by Re et al. [56]. A stock solution of ABTS•+ (7.4 mM) was prepared in ethanol and potassium persulfate (2.6 mM), with an overnight incubation in darkness at 4 °C. The stock solution was then diluted with ethanol to obtain a final absorbance of 0.7 at 734 nm. For the assay, the extracts (10 µL) were mixed with ABTS•+ (190 µL) in 96-well microplates and incubated in darkness at RT for 6 min. The absorbance was measured at 734 nm. BHT (1 mg/mL) was used as a positive control.




3.3.3. FRAP


FRAP was evaluated using the method described by Megías et al. [57]. Extracts (50 µL) were mixed in 96-well microplates with 50 µL of potassium ferricyanide (1% in water) and 50 µL of distilled water. After 20 min of incubation in the darkness at 50 °C, 50 µL of trichloroacetic acid (TCA, 10% in water) and 10 µL of ferric chloride solution (0.1% in water) were added. The absorbance was measured at 700 nm after 10 min of incubation at RT, and BHT was used as the standard.




3.3.4. CCA


CCA was assessed following Megías et al. [57]. Extracts (30 µL) were mixed in 96-well microplates with 200 µL of 50 mM sodium acetate buffer (pH 6), 6 µL of pyrocatechol violet (PV, 4 mM in the acetate buffer) and 100 µL of copper sulphate (50 μg/mL in water). The absorbance was measured at 632 nm. Ethylenediamine tetraacetic acid (EDTA 1 mg/mL) was used as a positive control.




3.3.5. ICA


ICA was determined according to Megías et al. [57]. Extracts (30 μL) were mixed in 96-well microplates with 200 µL of distilled water and 30 µL of an iron (II) chloride solution (0.1 mg/mL in water) and incubated for 30 min at RT. Afterwards, 12.5 µL of ferrozine solution (40 mM in water) was added and the absorbance was measured at 562 nm. EDTA (1 mg/mL) was used as a positive control.





3.4. Enzyme Inhibition Assays


3.4.1. AChE and BChE Inhibition


The inhibitory capacity of the extracts on AChE and BChE was evaluated by the method described by Ellman et al. 1961 [58] and adapted to 96 well microplates [59]. In brief, extracts (20 μL) were mixed with 140 μL of sodium phosphate buffer (0.1 mM, pH 8.0) and 20 μL of AChE or BuChE solution (0.28 U/mL in sodium phosphate buffer 0.1 mM, pH 7.0) in 96 well microplates and incubated at RT for 15 min. The reaction was initiated by adding 10 μL of the substrates of the enzymes (acetylthiocholine or butyrylthiocholine iodide, 4 mg/mL diluted in sodium phosphate buffer 0.1 mM, pH 8.0) and with 20 μL of 5,50–dithio–bis (2–nitrobenzoic acid) (DTNB) 1.2 mg/mL in ethanol. The absorbance at 412 nm was read after 10 min of incubation at RT. Galanthamine was used as the positive control at the concentration of 1 mg/mL.




3.4.2. α–Amylase Inhibition


The α–amylase inhibitory activity was determined following Xiao et al. (2006) [60]. Extracts (40 μL) were mixed with 40 μL of amylase solution (100 U/mL in 0.1 M sodium phosphate buffer, pH 7.0) and 40 μL of 0.1% starch solution (diluted in the previous buffer) in a 96-well microplate. After 10 min of incubation at 37 °C, 20 μL of 1 M hydrochloric acid (HCl) and 100 μL of iodide solution (5 mM iodine (I2) + 5 mM potassium iodide (KI), in distilled water) were added. The absorbance was measured at 580 nm and acarbose (10 mg/mL) was used as positive control.




3.4.3. α–Glucosidase Inhibition


The extracts were evaluated for inhibition against microbial α–glucosidase (from Saccharomyces cerevisiae) following Rodrigues et al., 2015 [61]. Extracts (50 μL) were mixed with 100 μL of the enzyme solution (1.0 U/mL, in 0.1 M sodium phosphate buffer, pH 7.0), and incubated for 10 min at 25 °C. Subsequently, 50 μL of 5 mM p–nitrophenyl–α–d–glucopyranoside (NGP; diluted in 0.1 M sodium phosphate buffer, pH 7.0) were added. Finally, the absorbance was read at 405 nm after 5 min of incubation at 25 °C. Acarbose (10 mg/mL) was used as positive control.




3.4.4. Lipase Inhibition


The inhibitory activity on porcine lipase was evaluated according to McDougall et al., 2009 [62] adapted to 96-well microplates [59]. In brief, extracts (20 μL), were mixed with 200 μL of Tris–HCl buffer (100 mM, pH 8.2), 20 μL of the enzyme solution (1 mg/mL in Tris–HCl buffer), and 20 μL of the substrate (4–nitrophenyl dodecanoate, 5.1 mM in ethanol). After 10 min of incubation at 37 °C, the absorbance was read at 410 nm. Orlistat (1 mg/mL) was used as the positive control.




3.4.5. Tyrosinase Inhibition


The inhibitory activity against tyrosinase was determined following Zengin 2016 [63] with modifications. The extracts (70 μL) were mixed in 96-well microplates with 30 mL of the enzyme (333 units/mL in phosphate buffer, pH 6.5) and incubated at RT for 5 min. Afterwards, 110 μL of the substrate (L–tyrosine, 2 mM in water) were added and incubated for 30 min at RT. The absorbance was measured at 492 nm and arbutin (1 mg/mL) was used as positive control.





3.5. UHPLC–HR–MS/MS Profiling of the Extracts


The chemical profiling of the extracts was performed on a Thermo Scientific™ UltiMate™ 3000 UHPLC, equipped with an Orbitrap Elite (Thermo Fisher Scientific, Waltham, MA, USA) mass spectrometer with a Heated Electro–Spray Ionization source (HESI–II; Thermo Scientific). The extracts (5 µL) were diluted in methanol (pure LC–MS grade, 1:10), injected and separated using a Thermo Scientific Accucore RP–18 column (2.1 × 100 mm, 2.6 µm) in a 40 min run following the method described by Silva et al., 2022 [64]. Xcalibur v4.1 Qual Browser (Thermo Scientific, Waltham, MA, USA) was used for LC–MS data acquisition. Thermo “.raw” data files were converted to “.mzXML” format in centroid mode using Proteowizard [65] and imported in MZmine version 3.2.3 [66] for feature finding, alignment and extraction. Feature intensities were assessed as the peak area in the extracted ion chromatogram (XIC). Blank was used for background feature removal and final features were exported as “.mgf” and “.csv” files. Molecular Networking and Spectral Library Search were performed with the Feature-Based Molecular Networking (FBMN) workflow [67] on GNPS (https://gnps.ucsd.edu, accessed on 10 December 2023) [68]. The data was filtered by removing all MS/MS fragment ions within +/− 17 Da of the precursor m/z. MS/MS spectra were window filtered by choosing only the top 6 fragment ions in the +/− 50 Da window throughout the spectrum. The precursor ion mass tolerance was set to 0.05 Da and the MS/MS fragment ion tolerance to 0.05 Da. A molecular network was then created where edges were filtered to have a cosine score above 0.70 and more than 6 matched peaks. Further, edges between two nodes were kept in the network if and only if each of the nodes appeared in each other’s respective top 10 most similar nodes. Finally, the maximum size of a molecular family was set to 100, and the lowest scoring edges were removed from molecular families until the molecular family size was below this threshold. The spectra in the network were then searched against GNPS spectral libraries [68,69]. The library spectra were filtered in the same manner as the input data. All matches kept between network spectra and library spectra were required to have a score above 0.6 and at least 4 matched peaks. The DEREPLICATOR was used to annotate MS/MS spectra [70]. SIRIUS 5 [71] was used for in silico annotation of features [72] combining three different tools: ZODIAC [73], CSI:FingerID [74], and CANOPUS based on ClassyFire ChemOnt ontology [75,76]. Feature identification levels followed Sumner et al., 2007 [77].




3.6. Fatty Acid Methyl Esters Profiling


3.6.1. Lipids Extraction and Transesterification


Direct transesterification of lipids and free fatty acids (FA) to their corresponding fatty acid methyl ester (FAME) followed the protocol reported by Lepage and Roy with modifications [59,78]. In brief, lyophilized algal biomass (100 mg) was mixed with 1.5 mL of the derivatization solution (methanol/acetyl chloride, 20:1, v/v). After homogenization in an ultrasound–water bath for 30 min, at room temperature (RT), 1 mL of hexane was added, and samples were heated at 100 °C for 60 min. Samples were cooled in an ice bath for 15 min. Finally, 1 mL of distilled water was added, samples were centrifuged for 5 min at 5000× g, the supernatants were collected, filtered (0.2 nm) and used for the determination of FAMEs profile. FAMEs extractions were performed in triplicates.




3.6.2. Determination of FAMEs Profile by GC–MS


The FAMEs profiles of diatoms biomass were analyzed using an Agilent GC–MS (Agilent Technologies 6890 Network GC System, 5973 Inert Mass Selective Detector, Agilent Technologies, Wilmington, DE, USA) coupled with a ZB–5MS capillary column (30 m × 0.25 mm internal diameter, 0.25 μm film thickness, Phenomenex, Torrance, CA, USA) using helium as the carrier gas. Briefly, samples were injected at 300 °C, the temperature profile of the GC oven was 60 °C (1 min), 30 °C/min to 120 °C, 4 °C/min to 250 °C, and 20 °C/min to 300 °C (4 min). For the identification of FAMEs, the total ion mode was used and Supelco® 37 Component FAME Mix (Sigma-Aldrich, Sintra, Portugal) was used as standard. Values were expressed as percentages of total FAMEs.





3.7. Fucoxanthin Spectrophotometric Quantification


Acetone and methanol extracts were dried under nitrogen and resuspended in ethanol. The absorbance (Ax) was measured at 445, 663 and 750 nm by a UV–visible spectrophotometer (Genesys 50, Thermo Scientific). Fucoxanthin concentrations, expressed as mg g−1 dry weight (DW), was estimated using the following equation [79]:


Fucoxanthin (mg/g DW) = [(6.39 × A445 − 5.18 × A663 + 0.312 × A750 − 5.27)/W] × V








where:



W = sample weight (g of dry weight)



V = ethanol volume (L)



A455, A663, A750 = absorbance at x nm




3.8. Data Presentation and Statistical Analysis


Statistical analyses were performed in R–Statistics® 3.5.3 version. The results of antioxidant and enzymatic assays were analyzed using one-way ANOVA followed by a Tukey’s post hoc tests with multiple comparisons. FAMEs profiles were compared using a t-test. When the obtained activities of the extracts tested at the concentration of 10 mg/mL were above 50%, maximal effective concentrations (EC50 mg/mL) and the half-maximal concentration values (IC50 mg/mL) were calculated by sigmoidal fitting of the data in the GraphPad Prism V 5.0 program (GraphPad Software, La Jolla, CA, USA).





4. Conclusions


In this work the Antarctic diatoms C. ineffabilis IMA082A and C. zucchelli IMA088A were explored for the first time as a potential source of bioactive products for nutraceutical, biotechnological and pharmaceutical industries. Our results suggest that both species might represent sources of antioxidants, specifically the acetone extract from C. ineffabilis which displayed a strong capacity to chelate copper. High to moderate inhibitory activities towards cholinesterase enzymes, α–amylase and lipase were reported for both species, thus suggesting that further work should be carried out aiming to explore its possible application in the treatments of neurodegenerative diseases and in the management of T2DM, obesity and hyperlipidemia. The FAMEs profiles of C. ineffabilis and C. zucchelli were characterized by a high proportion of PUFAs, which are desirable molecules for the nutraceutical industry and aquaculture. The trajectory of future studies might aim to evaluate the pigment profile and the phenolic profile of these diatoms to better understand their biological activities. Moreover, different growth conditions, such as nitrogen and light limitations, could be further tested to maximize the production of different classes of bioactive metabolites. Finally, we would like to highlight the importance of studying Antarctic photosynthetic organisms as source of bioactive molecules not only for their economic and social importance, but also for their ecological value. Increasing our effort in the study of these poorly known species would help us to identify potential areas for species management and conservation in Antarctica.
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Author Contributions


Conceptualization, R.T., L.C. and I.M.; methodology, L.C. and E.M.; formal analysis, R.T. and L.C.; investigation, R.T. and E.M.; data curation, R.T.; writing—original draft preparation, R.T.; writing—review and editing, E.M., L.C. and I.M.; supervision, L.C. and I.M.; project administration, L.C. and I.M.; funding acquisition, L.C. and I.M. All authors have read and agreed to the published version of the manuscript.




Funding


This study received Portuguese national funds from FCT—Foundation for Science and Technology through project UIDB/04326/2020, UIDP/04326/2020 and LA/P/0101/2020, and from the operational programs CRESC Algarve 2020 and COMPETE 2020 through project EMBRC.PT ALG-01-0145-FEDER-022121. L.C. was supported by the FCT Scientific Employment Stimulus (CEECIND/00425/2017).




Data Availability Statement


The dataset is available upon request from the corresponding author.




Acknowledgments


We wish to thank José Paulo da Silva and Vera Gomes (Centre of Marine Sciences, Faculty of Sciences and Technology, University of Algarve, Ed. 7, Campus of Gambelas, 8005–139 Faro, Portugal) for their assistance with the LC–MS and GC–MS analyses, respectively. We would like to thank the Italian National Antarctic Program (PNRA) project PNRA 16_00120—TNB-CODE: “Terra Nova Bay barCODing and mEtabarcoding of Antarctic organisms from marine and limno-terrestrial environments”, that allowed the sampling of these two strains.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Abida, H.; Ruchaud, S.; Rios, L.; Humeau, A.; Probert, I.; De Vargas, C.; Bach, S.; Bowler, C. Bioprospecting Marine Plankton. Mar. Drugs 2013, 11, 4594–4611. [Google Scholar] [CrossRef] [PubMed]

	



Kulkarni, S.; Dhakar, K.; Joshi, A. Alkaliphiles: Diversity and Bioprospection. In Microbial Diversity in the Genomic Era; Academic Press: Cambridge, MA, USA, 2019; pp. 239–263. [Google Scholar] [CrossRef]

	



Hosseini, H.; Al-Jabri, H.M.; Moheimani, N.R.; Siddiqui, S.A.; Saadaoui, I. Marine Microbial Bioprospecting: Exploitation of Marine Biodiversity towards Biotechnological Applications—A Review. J. Basic Microbiol. 2022, 62, 1030–1043. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.; Ashforth, E.; Ren, B.; Song, F.; Dai, H.; Liu, M.; Wang, J.; Xie, Q.; Zhang, L. Bioprospecting Microbial Natural Product Libraries from the Marine Environment for Drug Discovery. J. Antibiot. 2010, 63, 415–422. [Google Scholar] [CrossRef] [PubMed]

	



Ghosh, S.; Bloch, K.; Webster, T.J. Bioprospecting of Novel Algal Species with Nanobiotechnology. In An Integration of Phycoremediation Processes in Wastewater Treatment; Elsevier: Amsterdam, The Netherlands, 2022; pp. 41–74. [Google Scholar] [CrossRef]

	



Bhadury, P.; Wright, P.C. Exploitation of Marine Algae: Biogenic Compounds for Potential Antifouling Applications. Planta 2004, 219, 561–578. [Google Scholar] [CrossRef] [PubMed]

	



Santhakumaran, P.; Kookal, S.K.; Mathew, L.; Ray, J.G. Bioprospecting of Three Rapid-Growing Freshwater Green Algae, Promising Biomass for Biodiesel Production. Bioenergy Res. 2019, 12, 680–693. [Google Scholar] [CrossRef]

	



Mutanda, T.; Ramesh, D.; Karthikeyan, S.; Kumari, S.; Anandraj, A.; Bux, F. Bioprospecting for Hyper-Lipid Producing Microalgal Strains for Sustainable Biofuel Production. Bioresour. Technol. 2011, 102, 57–70. [Google Scholar] [CrossRef]

	



Boukid, F.; Castellari, M. Food and Beverages Containing Algae and Derived Ingredients Launched in the Market from 2015 to 2019: A Front-of-Pack Labeling Perspective with a Special Focus on Spain. Foods 2021, 10, 173. [Google Scholar] [CrossRef]

	



Europe Algae Products Market Size, Share, Scope & Forecast by 2030. Available online: https://www.databridgemarketresearch.com/reports/europe-algae-products-market (accessed on 31 July 2023).

	



Mosey, M.; Douchi, D.; Knoshaug, E.P.; Laurens, L.M.L. Methodological Review of Genetic Engineering Approaches for Non-Model Algae. Algal. Res. 2021, 54, 102221. [Google Scholar] [CrossRef]

	



Giordano, D. Bioactive Molecules from Extreme Environments. Mar. Drugs 2020, 18, 640. [Google Scholar] [CrossRef]

	



Trentin, R.; Negrisolo, E.; Moschin, E.; Veronese, D.; Cecchetto, M.; Moro, I. Microglena antarctica Sp. Nov. a New Antarctic Green Alga from Inexpressible Island (Terra Nova Bay, Ross Sea) Revealed through an Integrative Approach. Diversity 2022, 14, 337. [Google Scholar] [CrossRef]

	



Trentin, R.; Moschin, E.; Duarte Lopes, A.; Schiaparelli, S.; Custódio, L.; Moro, I. Molecular, Morphological and Chemical Diversity of Two New Species of Antarctic Diatoms, Craspedostauros ineffabilis Sp. Nov. and Craspedostauros zucchellii Sp. Nov. J. Mar. Sci. Eng. 2022, 10, 1656. [Google Scholar] [CrossRef]

	



Trentin, R.; Moschin, E.; Grapputo, A.; Rindi, F.; Schiaparelli, S.; Moro, I. Multi-Gene Phylogeny Reveals a New Genus and Species of Hapalidiales (Rhodophyta) from Antarctica: Thalassolithon adeliense Gen. & Sp. Nov. Phycologia 2023, 62, 83–98. [Google Scholar] [CrossRef]

	



Sciuto, K.; Moschin, E.; Alongi, G.; Cecchetto, M.; Schiaparelli, S.; Caragnano, A.; Rindi, F.; Moro, I. Tethysphytum antarcticum Gen. et Sp. Nov. (Hapalidiales, Rhodophyta), a New Non-Geniculate Coralline Alga from Terra Nova Bay (Ross Sea, Antarctica): Morpho-Anatomical Characterization and Molecular Phylogeny. Eur. J. Phycol. 2021, 56, 416–427. [Google Scholar] [CrossRef]

	



Lyon, B.R.; Mock, T. Polar Microalgae: New Approaches towards Understanding Adaptations to an Extreme and Changing Environment. Biology 2014, 3, 56–80. [Google Scholar] [CrossRef] [PubMed]

	



Petrou, K.; Doblin, M.A.; Ralph, P.J. Heterogeneity in the Photoprotective Capacity of Three Antarctic Diatoms during Short-Term Changes in Salinity and Temperature. Mar. Biol. 2011, 158, 1029–1041. [Google Scholar] [CrossRef]

	



Ferruzzi, M.G.; Failla, M.L.; Schwartz, S.J. Assessment of Degradation and Intestinal Cell Uptake of Carotenoids and Chlorophyll Derivatives from Spinach Puree Using an Invitro Digestion and Caco-2 Human Cell Model. J. Agric. Food Chem. 2001, 49, 2082–2089. [Google Scholar] [CrossRef] [PubMed]

	



Queiroz Zepka, L.; Jacob-Lopes, E.; Roca, M. Catabolism and Bioactive Properties of Chlorophylls. Curr. Opin. Food Sci. 2019, 26, 94–100. [Google Scholar] [CrossRef]

	



Islam, M.N.; Ishita, I.J.; Jin, S.E.; Choi, R.J.; Lee, C.M.; Kim, Y.S.; Jung, H.A.; Choi, J.S. Anti-Inflammatory Activity of Edible Brown Alga Saccharina Japonica and Its Constituents Pheophorbide a and Pheophytin a in LPS-Stimulated RAW 264.7 Macrophage Cells. Food Chem. Toxicol. 2013, 55, 541–548. [Google Scholar] [CrossRef]

	



Custódio, L.; Justo, T.; Silvestre, L.; Barradas, A.; Duarte, C.V.; Pereira, H.; Barreira, L.; Rauter, A.P.; Alberício, F.; Varela, J. Microalgae of Different Phyla Display Antioxidant, Metal Chelating and Acetylcholinesterase Inhibitory Activities. Food Chem. 2012, 131, 134–140. [Google Scholar] [CrossRef]

	



Plaza, M.; Herrero, M.; Alejandro Cifuentes, A.; Ibáñez, E. Innovative Natural Functional Ingredients from Microalgae. J. Agric. Food Chem. 2009, 57, 7159–7170. [Google Scholar] [CrossRef]

	



Fu, W.; Wichuk, K.; Brynjólfsson, S. Developing Diatoms for Value-Added Products: Challenges and Opportunities. N. Biotechnol. 2015, 32, 547–551. [Google Scholar] [CrossRef] [PubMed]

	



Pikula, K.S.; Zakharenko, A.M.; Aruoja, V.; Golokhvast, K.S.; Tsatsakis, A.M. Oxidative Stress and Its Biomarkers in Microalgal Ecotoxicology. Curr. Opin. Toxicol. 2019, 13, 8–15. [Google Scholar] [CrossRef]

	



Dahmen-Ben Moussa, I.; Chtourou, H.; Karray, F.; Sayadi, S.; Dhouib, A. Nitrogen or Phosphorus Repletion Strategies for Enhancing Lipid or Carotenoid Production from Tetraselmis Marina. Bioresour. Technol. 2017, 238, 325–332. [Google Scholar] [CrossRef] [PubMed]

	



Xiudong, Y.; Min-Cheol, K.; Ki-Wan, L.; Sung-Myung, K.; Won-Woo, L.; You-Jin, J. Antioxidant Activity and Cell Protective Effect of Loliolide Isolated from Sargassum Ringgoldianum Subsp. Coreanum. ALGAE 2011, 26, 201–208. [Google Scholar] [CrossRef]

	



Percot, A.; Yalçın, A.; Aysel, V.; Erduğan, H.; Dural, B.; Güven, K.C. Loliolide in Marine Algae. Nat. Prod. Res. 2009, 23, 460–465. [Google Scholar] [CrossRef] [PubMed]

	



Hulkko, L.S.S.; Rocha, R.M.; Trentin, R.; Fredsgaard, M.; Chaturvedi, T.; Custódio, L.; Thomsen, M.H. Bioactive Extracts from Salicornia ramosissima J. Woods Biorefinery as a Source of Ingredients for High-Value Industries. Plants 2023, 12, 1251. [Google Scholar] [CrossRef]

	



Hassan, M.; Raza, H.; Abbasi, M.A.; Moustafa, A.A.; Seo, S.Y. The Exploration of Novel Alzheimer’s Therapeutic Agents from the Pool of FDA Approved Medicines Using Drug Repositioning, Enzyme Inhibition and Kinetic Mechanism Approaches. Biomed. Pharmacother. 2019, 109, 2513–2526. [Google Scholar] [CrossRef]

	



Pagano, G.; Rengo, G.; Pasqualetti, G.; Femminella, G.D.; Monzani, F.; Ferrara, N.; Tagliati, M. Cholinesterase Inhibitors for Parkinson’s Disease: A Systematic Review and Meta-Analysis. J. Neurol. Neurosurg. Psychiatry 2015, 86, 767–773. [Google Scholar] [CrossRef]

	



Kawee-ai, A.; Kuntiya, A.; Kim, S.M. Anticholinesterase and Antioxidant Activities of Fucoxanthin Purified from the Microalga Phaeodactylum tricornutum. Nat. Prod. Commun. 2013, 8, 1381–1386. [Google Scholar] [CrossRef]

	



Lin, J.; Huang, L.; Yu, J.; Xiang, S.; Wang, J.; Zhang, J.; Yan, X.; Cui, W.; He, S.; Wang, Q. Fucoxanthin, a Marine Carotenoid, Reverses Scopolamine-Induced Cognitive Impairments in Mice and Inhibits Acetylcholinesterase In Vitro. Mar. Drugs 2016, 14, 67. [Google Scholar] [CrossRef]

	



He, S.; Yang, M.; Xuan, Z.; Wang, Q.; Yan, S.; Zhou, D.; Naman, C.B.; Zhang, J.; Yan, X.; Cui, W.; et al. Fucoxanthin Has Potential for Therapeutic Efficacy in Neurodegenerative Disorders by Acting on Multiple Targets. Nutr. Neurosci. 2021, 25, 2167–2180. [Google Scholar] [CrossRef]

	



Fang, Z.; Jeong, S.Y.; Jung, H.A.; Choi, J.S.; Min, B.S.; Woo, M.H. Anticholinesterase and Antioxidant Constituents from Gloiopeltis Furcata. Chem. Pharm. Bull. 2010, 58, 1236–1239. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, S.; Narwal, S.; Kumar, V.; Prakash, O. α-Glucosidase Inhibitors from Plants: A Natural Approach to Treat Diabetes. Pharmacogn. Rev. 2011, 5, 19–29. [Google Scholar] [CrossRef] [PubMed]

	



Senthilkumar, P.; Surendran, L.; Sudhagar, B.; Ranjith Santhosh Kumar, D.S. Facile Green Synthesis of Gold Nanoparticles from Marine Algae Gelidiella Acerosa and Evaluation of Its Biological Potential. SN Appl. Sci. 2019, 1, 284. [Google Scholar] [CrossRef]

	



Liu, B.; Kongstad, K.T.; Wiese, S.; Jäger, A.K.; Staerk, D. Edible Seaweed as Future Functional Food: Identification of α-Glucosidase Inhibitors by Combined Use of High-Resolution α-Glucosidase Inhibition Profiling and HPLC–HRMS–SPE–NMR. Food Chem. 2016, 203, 16–22. [Google Scholar] [CrossRef]

	



Leporini, M.; Loizzo, M.R.; Tundis, R.; La Torre, C.; Fazio, A.; Plastina, P. Non-Pungent n-3 Polyunsaturated Fatty Acid (PUFA)-Derived Capsaicin Analogues as Potential Functional Ingredients with Antioxidant and Carbohydrate-Hydrolysing Enzyme Inhibitory Activities. Antioxidants 2019, 8, 162. [Google Scholar] [CrossRef]

	



Sergent, T.; Vanderstraeten, J.; Winand, J.; Beguin, P.; Schneider, Y.J. Phenolic Compounds and Plant Extracts as Potential Natural Anti-Obesity Substances. Food Chem. 2012, 135, 68–73. [Google Scholar] [CrossRef]

	



Matsumoto, M.; Hosokawa, M.; Matsukawa, N.; Hagio, M.; Shinoki, A.; Nishimukai, M.; Miyashita, K.; Yajima, T.; Hara, H. Suppressive Effects of the Marine Carotenoids, Fucoxanthin and Fucoxanthinol on Triglyceride Absorption in Lymph Duct-Cannulated Rats. Eur. J. Nutr. 2010, 49, 243–249. [Google Scholar] [CrossRef]

	



Azmi, N.; Hashim, P.; Hashim, D.M.; Halimoon, N.; Nik Majid, N.M. Anti-Elastase, Anti-Tyrosinase and Matrix Metalloproteinase-1 Inhibitory Activity of Earthworm Extracts as Potential New Anti-Aging Agent. Asian Pac. J. Trop. Biomed. 2014, 4, S348–S352. [Google Scholar] [CrossRef]

	



Zolghadri, S.; Bahrami, A.; Hassan Khan, M.T.; Munoz-Munoz, J.; Garcia-Molina, F.; Garcia-Canovas, F.; Saboury, A.A. A Comprehensive Review on Tyrosinase Inhibitors. J. Enzym. Inhib. Med. Chem. 2019, 34, 279–309. [Google Scholar] [CrossRef]

	



Plaza, M.; Santoyo, S.; Jaime, L.; García-Blairsy Reina, G.; Herrero, M.; Señoráns, F.J.; Ibáñez, E. Screening for Bioactive Compounds from Algae. J. Pharm. Biomed. Anal. 2010, 51, 450–455. [Google Scholar] [CrossRef] [PubMed]

	



Park, D.-C.; Ji, C.-I.; Kim, S.-H.; Jung, K.-J.; Lee, T.-G.; Kim, I.-S.; Park, Y.-H.; Kim, S.-B. Characteristics of Tyrosinase Inhibitory Extract from Ecklonia stolonifera. Fish Aquat. Sci. 2000, 3, 195–199. [Google Scholar]

	



Lopes, D.; Rey, F.; Leal, M.C.; Lillebø, A.I.; Calado, R.; Domingues, M.R. Bioactivities of Lipid Extracts and Complex Lipids from Seaweeds: Current Knowledge and Future Prospects. Mar. Drugs 2021, 19, 686. [Google Scholar] [CrossRef] [PubMed]

	



Ruocco, N.; Albarano, L.; Esposito, R.; Zupo, V.; Costantini, M.; Ianora, A. Multiple Roles of Diatom-Derived Oxylipins within Marine Environments and Their Potential Biotechnological Applications. Mar. Drugs 2020, 18, 342. [Google Scholar] [CrossRef] [PubMed]

	



Lauritano, C.; Coppola, D. Biotechnological Applications of Products Released by Marine Microorganisms for Cold Adaptation Strategies: Polyunsaturated Fatty Acids, Antioxidants, and Antifreeze Proteins. J. Mar. Sci. Eng. 2023, 11, 1399. [Google Scholar] [CrossRef]

	



Collins, T.; Margesin, R. Psychrophilic Lifestyles: Mechanisms of Adaptation and Biotechnological Tools. Appl. Microbiol. Biotechnol. 2019, 103, 2857–2871. [Google Scholar] [CrossRef] [PubMed]

	



Teoh, M.L.; Chu, W.L.; Marchant, H.; Phang, S.M. Influence of Culture Temperature on the Growth, Biochemical Composition and Fatty Acid Profiles of Six Antarctic Microalgae. J. Appl. Phycol. 2004, 16, 421–430. [Google Scholar] [CrossRef]

	



Schulze, P.S.C.; Hulatt, C.J.; Morales-Sánchez, D.; Wijffels, R.H.; Kiron, V. Fatty Acids and Proteins from Marine Cold Adapted Microalgae for Biotechnology. Algal. Res. 2019, 42, 101604. [Google Scholar] [CrossRef]

	



Li, H.Y.; Lu, Y.; Zheng, J.W.; Yang, W.D.; Liu, J.S. Biochemical and Genetic Engineering of Diatoms for Polyunsaturated Fatty Acid Biosynthesis. Mar. Drugs 2014, 12, 153–166. [Google Scholar] [CrossRef]

	



Guillard, R.R.L. Culture of Phytoplankton for Feeding Marine Invertebrates. In Culture of Marine Invertebrate Animals; Springer: Boston, MA, USA, 1975; pp. 29–60. [Google Scholar] [CrossRef]

	



Brand-Williams, W.; Cuvelier, M.E.; Berset, C. Use of a Free Radical Method to Evaluate Antioxidant Activity. LWT-Food Sci. Technol. 1995, 28, 25–30. [Google Scholar] [CrossRef]

	



Custódio, L.; Patarra, J.; Alberício, F.; Neng, N.d.R.; Nogueira, J.M.F.; Romano, A. Phenolic Composition, Antioxidant Potential and in Vitro Inhibitory Activity of Leaves and Acorns of Quercus Suber on Key Enzymes Relevant for Hyperglycemia and Alzheimer’s Disease. Ind. Crops Prod. 2015, 64, 45–51. [Google Scholar] [CrossRef]

	



Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant Activity Applying an Improved ABTS Radical Cation Decolorization Assay. Free Radic. Biol. Med. 1999, 26, 1231–1237. [Google Scholar] [CrossRef] [PubMed]

	



Megías, C.; Pastor-Cavada, E.; Torres-Fuentes, C.; Girón-Calle, J.; Alaiz, M.; Juan, R.; Pastor, J.; Vioque, J. Chelating, Antioxidant and Antiproliferative Activity of Vicia Sativa Polyphenol Extracts. Eur. Food Res. Technol. 2009, 230, 353–359. [Google Scholar] [CrossRef]

	



Ellman, G.L.; Courtney, K.D.; Andres, V.; Featherstone, R.M. A New and Rapid Colorimetric Determination of Acetylcholinesterase Activity. Biochem. Pharmacol. 1961, 7, 88–95. [Google Scholar] [CrossRef] [PubMed]

	



Trentin, R.; Custódio, L.; Rodrigues, M.J.; Moschin, E.; Sciuto, K.; da Silva, J.P.; Moro, I. Exploring Ulva Australis Areschoug for Possible Biotechnological Applications: In Vitro Antioxidant and Enzymatic Inhibitory Properties, and Fatty Acids Contents. Algal. Res. 2020, 50, 101980. [Google Scholar] [CrossRef]

	



Xiao, Z.; Storms, R.; Tsang, A. A Quantitative Starch–Iodine Method for Measuring Alpha-Amylase and Glucoamylase Activities. Anal. Biochem. 2006, 351, 146–148. [Google Scholar] [CrossRef] [PubMed]

	



Rodrigues, M.J.; Soszynski, A.; Martins, A.; Rauter, A.P.; Neng, N.R.; Nogueira, J.M.F.; Varela, J.; Barreira, L.; Custódio, L. Unravelling the Antioxidant Potential and the Phenolic Composition of Different Anatomical Organs of the Marine Halophyte Limonium Algarvense. Ind. Crops Prod. 2015, 77, 315–322. [Google Scholar] [CrossRef]

	



McDougall, G.J.; Kulkarni, N.N.; Stewart, D. Berry Polyphenols Inhibit Pancreatic Lipase Activity in Vitro. Food Chem. 2009, 115, 193–199. [Google Scholar] [CrossRef]

	



Zengin, G. A Study on in Vitro Enzyme Inhibitory Properties of Asphodeline Anatolica: New Sources of Natural Inhibitors for Public Health Problems. Ind. Crops Prod. 2016, 83, 39–43. [Google Scholar] [CrossRef]

	



Silva, S.G.; Paula, P.; da Silva, J.P.; Mil-Homens, D.; Teixeira, M.C.; Fialho, A.M.; Costa, R.; Keller-Costa, T. Insights into the Antimicrobial Activities and Metabolomes of Aquimarina (Flavobacteriaceae, Bacteroidetes) Species from the Rare Marine Biosphere. Mar. Drugs 2022, 20, 423. [Google Scholar] [CrossRef]

	



Chambers, M.C.; MacLean, B.; Burke, R.; Amodei, D.; Ruderman, D.L.; Neumann, S.; Gatto, L.; Fischer, B.; Pratt, B.; Egertson, J.; et al. A Cross-Platform Toolkit for Mass Spectrometry and Proteomics. Nat. Biotechnol. 2012, 30, 918–920. [Google Scholar] [CrossRef] [PubMed]

	



Schmid, R.; Heuckeroth, S.; Korf, A.; Smirnov, A.; Myers, O.; Dyrlund, T.S.; Bushuiev, R.; Murray, K.J.; Hoffmann, N.; Lu, M.; et al. Integrative Analysis of Multimodal Mass Spectrometry Data in MZmine 3. Nat. Biotechnol. 2023, 41, 447–449. [Google Scholar] [CrossRef]

	



Nothias, L.F.; Petras, D.; Schmid, R.; Dührkop, K.; Rainer, J.; Sarvepalli, A.; Protsyuk, I.; Ernst, M.; Tsugawa, H.; Fleischauer, M.; et al. Feature-Based Molecular Networking in the GNPS Analysis Environment. Nat. Methods 2020, 17, 905–908. [Google Scholar] [CrossRef] [PubMed]

	



Wang, M.; Carver, J.J.; Phelan, V.V.; Sanchez, L.M.; Garg, N.; Peng, Y.; Nguyen, D.D.; Watrous, J.; Kapono, C.A.; Luzzatto-Knaan, T.; et al. Sharing and Community Curation of Mass Spectrometry Data with Global Natural Products Social Molecular Networking. Nat. Biotechnol. 2016, 34, 828–837. [Google Scholar] [CrossRef] [PubMed]

	



Horai, H.; Arita, M.; Kanaya, S.; Nihei, Y.; Ikeda, T.; Suwa, K.; Ojima, Y.; Tanaka, K.; Tanaka, S.; Aoshima, K.; et al. MassBank: A Public Repository for Sharing Mass Spectral Data for Life Sciences. J. Mass Spectrom. 2010, 45, 703–714. [Google Scholar] [CrossRef] [PubMed]

	



Mohimani, H.; Gurevich, A.; Shlemov, A.; Mikheenko, A.; Korobeynikov, A.; Cao, L.; Shcherbin, E.; Nothias, L.F.; Dorrestein, P.C.; Pevzner, P.A. Dereplication of Microbial Metabolites through Database Search of Mass Spectra. Nat. Commun. 2018, 9, 4035. [Google Scholar] [CrossRef]

	



Dührkop, K.; Fleischauer, M.; Ludwig, M.; Aksenov, A.A.; Melnik, A.V.; Meusel, M.; Dorrestein, P.C.; Rousu, J.; Böcker, S. SIRIUS 4: A Rapid Tool for Turning Tandem Mass Spectra into Metabolite Structure Information. Nat. Methods 2019, 16, 299–302. [Google Scholar] [CrossRef] [PubMed]

	



Böcker, S.; Letzel, M.C.; Lipták, Z.; Pervukhin, A. SIRIUS: Decomposing Isotope Patterns for Metabolite Identification. Bioinformatics 2009, 25, 218–224. [Google Scholar] [CrossRef]

	



Ludwig, M.; Nothias, L.F.; Dührkop, K.; Koester, I.; Fleischauer, M.; Hoffmann, M.A.; Petras, D.; Vargas, F.; Morsy, M.; Aluwihare, L.; et al. Database-Independent Molecular Formula Annotation Using Gibbs Sampling through ZODIAC. Nat. Mach. Intell. 2020, 2, 629–641. [Google Scholar] [CrossRef]

	



Hoffmann, M.A.; Nothias, L.-F.; Ludwig, M.; Fleischauer, M.; Gentry, E.C.; Witting, M.; Dorrestein, P.C.; Dührkop, K.; Böcker, S. Assigning Confidence to Structural Annotations from Mass Spectra with COSMIC. bioRxiv 2021. [Google Scholar] [CrossRef]

	



Dührkop, K.; Nothias, L.F.; Fleischauer, M.; Reher, R.; Ludwig, M.; Hoffmann, M.A.; Petras, D.; Gerwick, W.H.; Rousu, J.; Dorrestein, P.C.; et al. Systematic Classification of Unknown Metabolites Using High-Resolution Fragmentation Mass Spectra. Nat. Biotechnol. 2020, 39, 462–471. [Google Scholar] [CrossRef] [PubMed]

	



Djoumbou Feunang, Y.; Eisner, R.; Knox, C.; Chepelev, L.; Hastings, J.; Owen, G.; Fahy, E.; Steinbeck, C.; Subramanian, S.; Bolton, E.; et al. ClassyFire: Automated Chemical Classification with a Comprehensive, Computable Taxonomy. J. Cheminform. 2016, 8, 61. [Google Scholar] [CrossRef] [PubMed]

	



Sumner, L.W.; Amberg, A.; Barrett, D.; Beale, M.H.; Beger, R.; Daykin, C.A.; Fan, T.W.M.; Fiehn, O.; Goodacre, R.; Griffin, J.L.; et al. Proposed Minimum Reporting Standards for Chemical Analysis: Chemical Analysis Working Group (CAWG) Metabolomics Standards Initiative (MSI). Metabolomics 2007, 3, 211–221. [Google Scholar] [CrossRef]

	



Lepage, G.; Roy, C.C. Improved Recovery of Fatty Acid through Direct Transesterification without Prior Extraction or Purification. J. Lipid. Res. 1984, 25, 1391–1396. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.J.; Fan, Y.; Parsons, R.L.; Hu, G.R.; Zhang, P.Y.; Li, F.L. A Rapid Method for the Determination of Fucoxanthin in Diatom. Mar. Drugs 2018, 16, 33. [Google Scholar] [CrossRef]








[image: Marinedrugs 22 00035 g001] 





Figure 1. Antioxidant activities of the acetone and methanol extracts of C. ineffabilis IMA082A and C. zucchelli IMA088A. Radical scavenging activity on ABTS•+ (a) and DPPH• (b) radicals, FRAP (c) CCA (d) and ICA (e). Results are expressed as antioxidant activity (% of activity) at the concentration of 10 mg/mL. The letters above the bars in the bar charts indicate significantly different groups (Multiple Comparisons of Means: Tukey’s HSD, 95% family-wise confidence level). 
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Figure 2. Enzymatic inhibitory properties of the acetone and methanol extracts C. ineffabilis IMA082A and C. zucchelli IMA088A. Results are expressed as inhibitory activity (% of inhibition) at the concentration of 10 mg/mL. The letters above the bars in the bar charts indicate significantly different groups (Multiple Comparisons of Means: Tukey’s HSD, 95% family-wise confidence level). 
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Figure 3. FAMEs profiles of C. ineffabilis IMA082A and C. zucchelli IMA088A. Results are expressed as percentage of total FAMEs. Asterisks indicate statistically significant differences (‘***’ = p–value < 0.001; ‘**’ = p–value < 0.01 and ‘*’ = p–value < 0.05). 
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Table 1. Half maximal effective concentrations (EC50, mg/mL) for extracts displaying an activity above 50% when tested at the concentration of 10 mg/mL. Values represent the mean ± standard error of mean (SEM) performed six times (n = 6). For the same column, different letters indicate significant differences (Multiple Comparisons of Means: Tukey Contrast, 95% family-wise confidence level).
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Species

	
Extract

	
ABTS

	
ICA






	
C. ineffabilis IMA082A

	
Acetone 80%

	
6.79 ± 0.21

	
5.73 ± 0.53 b




	
Methanol 50%

	
–

	
2.06 ± 0.70 a




	
C. zucchelli IMA088A

	
Acetone 80%

	
–

	
–




	
Methanol 50%

	
–

	
–
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Species

	
Extract

	
AChE

	
BChE

	
α-Amylase






	
C. ineffabilis IMA082A

	
Acetone 80%

	
7.99 ± 2.62 a

	
1.81 ± 0.46 a

	
6.87 ± 0.17




	
Methanol 50%

	
6.03 ± 1.34 a

	
–

	
–




	
C. zucchelli IMA088A

	
Acetone 80%

	
–

	
4.34 ± 0.39 b

	
–




	
Methanol 50%

	
9.70 ± 1.44 a

	
6.59 ± 0.35 