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Abstract

:

Nowadays, the development of new drugs only relies on a small number of molecules and 50% of all existent drugs are extracted or synthetically obtained. This work intends to evaluate the antibacterial potential of the ethanolic and polysaccharide extracts obtained from Grateloupia turuturu and to characterize the composition of the alga’s polysaccharides by FTIR-ATR. We used sequential extraction to obtain the extracts that were tested against S. aureus and E. coli. The ethanolic extracts in E. coli, at the highest concentration used (15 mg mL−1) showed 45.7% (Tetrasporophyte extract) and 55.1% (Carposporophyte extract) of growth reduction and in S. aureus 56.2% (T extract) and 51.8% (C extract). Polysaccharide extracts started showing significant reduction effect on E. coli and S. aureus growth at 7.5 mg mL−1 with a reduction of 54.9% and 39.5%, respectively. At 15 mg mL−1 the reduction observed was 88.5% and 85.4%. The FTIR-ATR allowed to characterize G. turuturu’s polysaccharides concluding that it is composed by a hybrid kappa/iota carrageenan with traces of agar, in both phases of the life cycle. This work allows us to conclude about the antibacterial properties of this alga and the compounds that might be behind this activity, showing that there’s a lot more than a small number of molecules that can be used as natural drugs.
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1. Introduction


The interest in the exploitation of algae in the most varied areas (such as pharmaceuticals, nutraceuticals, food, and cosmetics) has been increasing since they are natural products with varied natural potentials that have not yet been studied. In this way, its study and its compounds become relevant.



Grateloupia turuturu (phylum Rhodophyta, class Florideophyceae, family Halymeniaceae) is a red macroalgae, commonly called “Devil’s tongue weed” (in English), “Jinuari” (in Korean), and “Ratanho” (in Portuguese), originated in Asia [1]. It is currently spread across the globe, including Portugal [2].



It is characterized by having a flat and membranous stem and a short stipe. On the touch, its consistency varies between gelatinous and slippery, yet it has some firmness. Its color is between violet and red and can sometimes be greenish on top of the stem. The algae can reach about 50 cm in calm areas, with weak ripples and rich in nutrients. It has simple fronds that can be linear or broad-lanceolate that can arise whole or irregularly divided from the base broadening from this.



Throughout the year the development of the algae is known to be variable and can be separated into three phases: The slow-growing phase (occurs in winter) with few variations in length, biomass, density and few differences in frond size, the fast-growing phase (occurs in spring-summer) with increased biomass, density and size differences and death phase (occurs at the end of the summer) [3].



It has two reproductive peaks in January and July, and its senescence period goes from July to September (months that record the highest temperatures) [3].



This species can be found both in protected areas and in areas exposed to rippling, although its growth is compromised by these conditions, presenting greater length in places with little ripple. It is an alga that tolerates great variations in temperature and salinity and manages to adapt well to eutrophic conditions. It is fixed in rocks located in “mid-intertidal” zones and is easy to find in pools [3].



Its recent distribution has been worrying the scientific community since it has some typical features of an invasive organism. In Portugal, G. turuturu can be found mostly in port areas like Porto de Leixões, Aveiro, and Figueira da Foz [3].



In [3] the dispersion processes were defined, namely: Primary dispersion that is favored by human activities, where there is a spatial discontinuity between the place of origin of the seaweed and the point where the new population settled (an example of what happens in Figueira da Foz port) and secondary dispersion in which there is dispersion in adjacent sites (justifies the entire northern zone).



It is believed that the propagation of this alga around the globe had as precursors the import of oysters and aquaculture activities [4].



In 2016, a work done in Portugal came to provide new insight into the behavior of this algae. In this study, the authors distinguish two types of non-native species, those that take advantage of ecological changes caused by human activities to establish (transient species) and those that lead to ecological changes (invasive species). It should be noted that the models are not mutually exclusive, and intermediate situations may occur. However, this bipartition enabled the researchers to conclude that G. turuturu did not have an invasive character as they did not detect any ecological changes caused by its presence, but rather a temporary character, not damaging the ecosystem (taking advantage of only one already fragile) [5].



About reproduction and development, this alga is monoecious, which means it has both male and female structures in the same individual. Its life cycle is annual and haplodiplontic, triphasic (gametophyte, carposporophyte, and tetrasporophyte) and isomorphic, which means, for one year, this seaweed will have one haploid life-cycle phase and two diploid life-cycle phases. The cycle is isomorphic between gametophyte phase and tetrasporophyte phase [4,6] (Figure 1). Fertile individuals occur all year long. One of the phases (carposporophyte) parasites another one (gametophyte, when fructified).



G. turuturu is also characterized by its richness in dietary fiber (nearly 60% dry weight (dw)) and therefore appears to be a good source of food fiber for human consumption [6]. This is of interest as the beneficial effect of fiber on health is already well-known. This seaweed is also rich in proteins, like Palmaria palmata, another red alga now authorized in France as a sea vegetable. Its lipid content is low, like all red seaweeds used in human nutrition, and its eicosapentaenoic acid content is similar to those reported for edible red seaweeds such as Chondrus cripus or Gracilariopsis longissima (as Gracilaria verrucosa) [7,8].



About its chemical composition, G. turuturu is considered a good source of nutrients because of its protein content (red algae are the algae group with the highest levels of protein), and it is commercially used for carrageenan-production [9], its long chain polysaccharides (which constitute 49.8% of the algae’s dw). In this specific case, the type of polysaccharide is carrageenan, more specifically an agar-carrageenan hybrid polysaccharide known for showing anticoagulant activity [10]. These polysaccharides are found in cell walls and intercellular spaces of a large number of algae, mainly in red and brown algae [11]. In red algae, carrageenans are produced by the carrageenophytes (order Gigartinales), and the agar is produced by the agarophytes (several orders) [12]. Although carrageenan is produced specifically by red algae of the Gigartinales order, red algae of other orders can produce hybrid polysaccharides, such as G. turuturu. Although all the algae called carrageenophytes produce this polysaccharide, there are three distinct families of carrageenans (kappa family, iota family, and lambda family) [13], and therefore, not all carrageenophytes produce exactly the same type of polysaccharide.



G. turuturu is also rich in vitamins such as E and K1 and holds high amounts of minerals [7,14]. It has a low lipid content [15] although the ones it possesses are important because they are not produced by the human body. Another compound produced by G. turuturu is R-phycoerythrin known as the main photosynthetic pigment of red algae [16]. Due to their high interest (since it can be used as a dye in fluorescence microscopy analyzes [17], some articles on this pigment specifically extracted from G. turuturu have already been written and their commercial value in 2013 was €300/mg in France [18]. This alga also has fluridosid and isethionic acid that confers some non-stickiness, preventing crustaceans from attaching to the hulls of boats [19]. G. turuturu is used as food in China, in Japan, it is commonly used as a sea vegetable [20,21], and in Korea it is used in salads [22]. Moreover, it is considered an edible species in Portugal [7,23].



According to the literature, little is known about this species of the genus Grateloupia. Only one article about this alga reports its capacity to turn Vibrio parahemolyticus into a nonculturable state and the authors suggest that this capacity makes this alga a potentially ideal candidate to be integrated with animal culture to impair the propagation of any potential pathogenic bacteria [24].



However, positive results have already been observed regarding bioactivity against certain microorganisms of clinical and pharmacological interest in species of the same genus of this alga, as is the case of Grateloupia filicina whose extracts were shown to be capable against gram-positive and gram-negative bacteria such as Staphylococcus aureus, Escherichia coli and Pseudomonas aeruginosa [25] and against Bacillus subtilis [26]. In another article, this time about G. doryphora, the presence of antibacterial properties of its polar extracts against S. aureus was observed [27].



Considering the importance of marine organisms in the production of compounds with the most varied interests from the point of view both economic and ecological, and thus biotechnological, and taking into account the poor exploitation of algae in Portugal, the objectives of this work were to develop an easy way to describe the alga’s life cycle, to adapt and develop a specific sequential extraction method, evaluate the antibacterial potential of the seaweed, compare the chemical composition between the two phases of the alga’s life cycle (in the whole alga and in the polysaccharide extracts) and to identify some of its compounds of interest, namely in terms of its polysaccharides through FTIR-ATR analysis.




2. Materials and Methods


2.1. Sampling of Grateloupia turuturu


Specimens of Grateloupia turuturu Yamada were collected by hand in Buarcos Bay, Portugal, (40°16′ N, 8°90′ W) in September 2018. Samples were washed with seawater filtered in the laboratory, in order to remove sands and salts. After that first wash, all samples were once again washed with distilled water and cleaned with paper to eliminate salts and epiphytes. Samples were then separated according to the different life cycle phases—tetrasporophytes and fructified gametophytes—using a magnifying glass. Tetrasporophytes exhibit simple and smooth blades and fructified gametophytes present prominent spherical cystocarps, producing carpospores (carposporophyte phase).



The biomass that was previously separated was stored in a hermetically sealed bag (duly identified with the alga name, picking date and phase) and then frozen at a temperature of about −22 °C for further studies.



To begin the assays, first, the stored biomass was weighted and placed in Petri dishes (previously lined with parchment paper and well identified with the name of the seaweed, the date of harvest and the phase of the life cycle). Finally, they were placed in the oven to dry at a constant temperature of about 40 °C.



After drying, the samples were milled using a commercial mill (Taurus aromatic, Spain) and the dried powder (<1 mm) obtained was finally stored in sterile flasks (duly identified with the alga name, picking date and life cycle phase) in a dark and dry place at room temperature.




2.2. Sequential Extraction of Compounds


2.2.1. Polar Compounds Extraction


For sequential extraction, the ground dry material was weighted in a Kern scale and 5 g samples of the fructified gametophyte (C) and tetrasporophyte (T) phases, were made in triplicate (n = 3). The ground dry material (5 g) was placed in ethanol (100 mL ethanol, 96%), at room temperature, for 1:30 h, to extract the polar fraction. The solution was then filtered with a Gooch filter system with porosity G3, under vacuum. The ground dry material was recovered, and the process of extraction was repeated for another 1:30 h. In the end, the polar solution filtered was evaporated in a rotary evaporator (Witeg, rotary evaporator model: 2600000, Germany) and stored, kept at −22 °C until it could be lyophilized. The ground dry material was, once again, recovered for the next phase of the extraction.




2.2.2. Polysaccharides Extraction


The next and last phase had the purpose of carrageenan extraction, using the ground dry material recovered from the polar extraction. In this procedure, the ground dry material was placed in distilled water (500 mL) for 2 h after the water was boiling. In the end, the solution was hot filtered under vacuum, through a cloth filter. Once carrageenans had precipitated, by adding to the warm solution twice its volume of ethanol (96%), they were dried at 40–50 °C, for 24 to 48 h (modified protocol from [28]). Only the polysaccharides which were soon separated from the solution were recovered by using a rod and were placed in a 24-hour ethanol container at −4 °C for further drying.



The dry carrageenans obtained previously were grounded and then stored in the dark, at room temperature until further use.





2.3. Extract Preparation


Twelve samples were obtained for analysis corresponding to the two generations of the alga’s life cycle, the two used solvents, and triplicates of each. The dried extracts were solubilized in water to a final concentration of 30 mg mL−1 for the ethanolic extracts and 20 mg mL−1 for the polysaccharide extracts.



To increase the solubilization power, it was necessary, after five minutes of homogenization, to subject the extracts to ultrasonic sonication (Ultrasons, PSelecta, Spain) for five minutes and then, to an incubation at 40 °C for 5 min. in a dry bath and subsequent ultrasonic sonication for another 5 min. A second homogenization was made for another 5 min. followed by centrifugation at 8000× g for 2 min. The soluble contents were separated and stored.




2.4. Sterility Control of the Extracts


To analyze the sterility of the extracts, 10 μL of each extract was then withdrawn and then inoculated into Mueller–Hinton broth medium (Merck, Germany), incubated at 35 °C for 24 h. After this time, each suspension was inoculated in trypticase soy agar (TSA) (Prolabo, Belgium) medium incubated at 24–35 ± 2 °C with subsequent observation of absence or presence of growth. The extracts that presented some type of contamination were eliminated.




2.5. Strains


To test the antibacterial properties of the extracts the following strains were used: Escherichia coli ATCC 8739, Staphylococcus aureus ATCC 25923 (American Type Culture Collection, Rockville, MD).



The strains were cryopreserved and grown in trypticase soy broth (TSB, Merck, Germany) overnight at 35 ± 2 °C and then the grown bacterial suspensions were inoculated in TSA for isolated and pure colonies.




2.6. Microdilution Assay


In the microdilution technique, we used MHB (Muller–Hinton broth) and add fixed concentrations of 7.5, 10, 12.5, and 15 mg mL−1 for ethanolic (polar) and polysaccharide extracts. To test the bioactivity of the extracts, bacteria were suspended in saline to 0.5 McFarland. This way, a final concentration of bacteria of 1 × 106 CFU mL−1 was added to every well. We also made a positive and negative control, and everything was done in duplicate. The incubation period was 24 h at 37 ± 2 °C.



The cytotoxicity was evaluated using 95% Iodonitrotetrazolium chloride solution (INT) at 0.5 mg mL−1. Thus, it became possible to detect the number of viable cells in the sample through the metabolism of INT whose initial color is yellow and, when metabolized by the living microorganisms, changes to pink/purple. For this metabolization process to be visible, the incubation was carried out for 30 min at 37 ± 2 °C. The microplates were then read at 570 nm and then the % viable cells were determined, using the following formula [29]:


% of Viable cells=(M.O.D extract with strain−M.O.D extract)M.O.D strain−M.O.D culture medium)×100











Equation explained:



M.O.D extract with strain: Mean of the optical density of the two readings obtained by spectrophotometric measurement at 570 nm after incubation of the extract at a given concentration and the MHB strain.



M.O.D extract: Mean of the optical density of the two readings obtained by spectrophotometric measurement at 570 nm after incubation of the extract at a given concentration in MHB.



M.O.D strain: Mean of the optical density of the two readings obtained by spectrophotometric measurement at 570 nm after incubation of the strain in MHB.



M.O.D culture medium: Mean of the optical density of the two readings obtained by spectrophotometric measurement at 570 nm after incubation of MHB.




2.7. Statistical Analysis


The data was introduced and analyzed using GraphPad Prism software version 7.04 for Windows (GraphPad Software, San Diego, CA, USA), relating the variables in the study using the two-way ANOVA statistical test associated with the Bonferroni test with multiple comparisons. Differences were considered significant when p-value < 0.05.




2.8. Analysis of Dry Biomass and Polysaccharide Extracts of G. turuturu by FTIR-ATR


2.8.1. Collection and Treatment of Samples


For FTIR-ATR analysis (Fourier transform infrared spectroscopy, attenuated total reflectance), we used the dried biomass of the whole alga that was separated by the two phases (tetrasporophyte and fructified gametophyte) and those samples were milled using a commercial mill (Taurus aromatic, Spain) to obtain a fine powder, which was subjected to direct analysis [30,31,32].



We also analyzed, by FTIR-ATR, the polysaccharide obtained by sequential extraction, after being milled, using the same technique as for the entire alga.




2.8.2. FTIR-ATR Analysis


The FTIR-ATR analysis we made is a method of infrared spectroscopy, widely used to study and characterize phycocoloids (among other compounds) present in algae and was based on the protocol described in [33].



The apparatus used was the IFS 55 spectrometer, using the Golden Gate single reflection Diamond ATR system with acquisitions from 0 to 4000 cm−¹. However, only the wavelengths between 500 and 1500 cm−¹ are relevant for the analysis and characterization of polysaccharides.



From FTIR-ATR analysis, four spectra were obtained (two of them from the thallus analysis separated by generation, and the other two from the polysaccharides analysis also separated by generation). These spectra were then compared, and their peaks were analyzed in order to identify the compounds that constitute the polysaccharides of G. turuturu. To do so, it was important to use four references [30,31,33,34] to identify the bands and the corresponding bonds/groups type present in the colloid molecules.






3. Results


3.1. Microdilution Assay and Cytotoxic Analysis


3.1.1. Escherichia coli


Regarding the antimicrobial activity of the polar extracts (for both phases Tetrasporophyte and Carposporophyte) in the presence of E. coli, it was found that there is a gradual reduction of growth. As the concentration increases the activity also increases. At a concentration of 10 mg mL−1 the T extract showed a statistically significant reduction of growth of 20.49% (% viable cells in T 10: 79.51 ± 3.72, p ≤ 0.05). At higher concentrations a reduction in bacterial growth occurred in both extracts (T and C) showing at a 12.5 mg mL−1 a reduction of 26.33% in the T extract and a reduction of 33.19% in the C extract (% viable cells in T 12.5: 73.67 ± 6.23, p ≤ 0.01, % viable cells in C 12.5: 66.81 ± 10.59, p ≤ 0.001). At the highest concentration of 15 mg mL−1 the results show a 45.7% and 55.1 % growth reduction, respectively (% viable cells in T 15: 54.3 ± 10.64, % viable cells in C 15: 44.9 ± 4.73), this reduction being statistically significant (p ≤ 0.001) (Figure 2).



The polysaccharide extracts started showing significant reduction effect on E. coli growth at a concentration of 7.5 mg mL−1 with a reduction of 54.96% (% viable cells in P 7.5: 45.04 ± 16.03) At higher concentrations (10 mg mL−1, 12.5 mg mL−1 and 15 mg mL−1), the growth was gradually reduced, with reductions of 71.53%, 89.43 % and 88.46% (% viable cells in P 10: 28.47 ± 19.28, in P 12.5: 10.57 ± 5.29, in P 15: 11.64 ± 2.23). Thus, showing that, like the ethanolic extracts, as the concentration increases the activity against the strain increases. Each growth reduction has statistical significance (p ≤ 0.001) (Figure 2).




3.1.2. Staphylococcus aureus


Regarding the antimicrobial activity of the polar extracts (for both phases T and C) in the presence of S. aureus, it was possible to observe some gradual reduction of growth starting at the concentration of 10 mg mL−1 with a significant reduction of 31.7% and 37.1%, respectively, (% viable cells in T 10: 68.3 ± 2.83, in C 10: 62.9 ± 16.9), meaning that the higher the extract concentration the better the reduction of growth. At higher concentrations, the results were even more noticeable. At a concentration of 12.5 mg mL−1 the results show a reduction of growth of 46.5% and 45.1% for T and C extracts respectively (% viable cells in T 12.5: 53.5 ± 3.57, in C 12.5: 54.9 ± 10.68) and at the highest concentration (15 mg mL−1) the growth reduction was 56.19 % in T extract (% viable cells in T 15: 43.81 ± 1.55) and 51.81% in C extract (% viable cells in C 15: 48.19 ± 13.7). In all of these cases, these values represent statistical significance (p ≤ 0.001) (Figure 3).



The polysaccharide extract against this strain started showing significant results at a concentration of 7.5 mg mL−1 with a reduction of growth of 39.46% (% viable cells in P 7.5: 60.54 ± 11.58). In this case, it was also possible to observe gradual reduction of growth being that at a concentration of 10 mg mL−1 there was a reduction of 58.44% (% viable cells in P 10: 41.56 ± 17.61), at a concentration of 12.5 mg mL−1 the reduction was of 76.87% (% viable cells in P 12.5: 23.13 ± 2.02) and at the highest concentration the reduction was of 85.44 % (% viable cells in P 15: 14.56 ± 3.25). Showing, once again, that when we increased the extract concentration, the reduction of growth also increases. These values represent statistical significance (p ≤ 0.001) (Figure 3).





3.2. Analysis of the Biomass and Polysaccharide Extracts of G. turuturu by FTIR-ATR


The polysaccharide extracts and the dried samples of Grateloupia turuturu, in the two phases, were analyzed by vibrational spectroscopy to identify the colloids presents in the alga (Figure 4).



The spectra of FTIR-ATR showed the same peaks and mean values between the two different phases, noting that the colloid does not have changes between them.



The thalli of G. turuturu (whole alga) analyzed in this study demonstrated that the two phases (carposporophyte and tetrasporophyte) have the same colloid type (Table 1). The bands present in the spectra highly support the presence of a hybrid kappa/iota/theta carrageenan with some vestigial presence of agar.





4. Discussion


The search for new molecules with antimicrobial potential is not recent. Over time, there has been an increasing need to find compounds (especially natural compounds) that will respond to problems such as the dispersion of multiresistant microorganisms or to situations of diseases whose treatment or cure is difficult or non-existent. In addition, in the most varied areas (cosmetics, pharmaceuticals, nutraceuticals or even food), there is a constant search for new products that will respond to trends and/or improve people’s quality of life. On the other hand, the use of algae in traditional medicine has always been recognized as first instance treatment for certain problems and, because it is an empirical knowledge, in many cases the mechanisms behind the effect they present are still not perceptible [35].



This work was divided into three important parts, being the first one the bioassays where extracts of G. turuturu were tested against S. aureus and E. coli to determine its capacity to inhibit the bacterial growth, the second one being the comparison, by FTIR-ATR and through the bioassays, of the compounds presents in two different phases of the life cycle of the alga and the third one the FTIR-ATR analyze to better characterize the alga’s polysaccharides and relate its composition with the eventual bioactivity observed against the bacteria.



From the extracts tested of G. turuturu corresponding to extractions with different solvents and separated by the phases of their life cycle (tetrasporophyte generation and fruited gametophyte), it is to be noted that at the concentrations tested none of the extracts eliminates the strains used. However, it was verified that some of the extracts have antimicrobial capacity reducing their growth significantly. Moreover, it was possible to observe a gradual reduction of growth of these two bacteria when in the presence of the extracts. Thus, showing that the higher the concentration of the extract, the less the bacteria grow. For the polar part (with ethanolic extracts) of the bioassay, two extracts were tested, one for each phase of the life cycle (T and C). When tested against E. coli, at the highest concentration of 15 mg mL−1 the results show a 45.7% and 55.1% growth reduction, respectively. Whereas, against S. aureus at the highest concentration the growth reduction was 56.2% in T extract and 51.8% in C extract. That allows us to conclude that the differences between phases of the life cycle are not relevant and that the polar compounds in the composition of the ethanolic extract have, in fact, some interesting antibacterial capacity.



In similar studies, the authors have already described some compounds usually present in this type of polar extracts, namely, fatty acids (palmitoleic acid, oleic acid), glycosides and alkaloids, that are associated in fact with the antibacterial capacity observed against these two strains [25,36,37]. In a study of other algae of the same genus Grateloupia (G. livida), similar results have also been described [38].



The results obtained with the polysaccharides extracts also show a gradual reduction of bacterial growth. In this case, only the polysaccharides of one of the phases of the life cycle were tested (C phase or fruited gametophyte phase). For E. coli, promptly at 7.5 mg mL−1, the results show significant inhibition of growth (reduction of 54.9%). At the highest concentrations of 12.5 mg mL−1 and 15 mg mL−1 the reduction was of 89.4% and 88.5%, respectively. Thus, showing that the inhibit of growth is almost total. In the S. aureus case, at the lowest concentration of 7.5 mg mL−1 the reduction was only of 39.5% but as the concentration of the extract got higher the reduction of growth was gradually getting higher too as such that at the maximum concentration of 15 mg mL−1 the reduction was 85.4%. This led us to conclude that polysaccharides have an interesting capacity to inhibit the growth of these two bacterial strains and, in that case, there is a need to study and try to better understand their composition.



Based on these results, it is important to mention that the total concentration of polysaccharides in algae varies from 4% to 76% of their dry weight, some of which present biological activity such as carrageenans and fucans [7]. It is also known that the main component of red algae (Gigartinales) is carrageenan (long chain sulfated polysaccharides) and that these are already associated with the inhibitory capacity against various microorganisms such as E. coli and S. aureus [25,39,40,41].



When comparing the bioactivity of the extracts of G. turuturu to extracts of other similar or phylogenetically close algae against the same bacterial strains, it is possible to observe variations in the results obtained, either in concentration or inhibitory effect. Several factors contribute to these differences, ranging from the variation of compounds among individuals of the same species of alga, but in which the time of the year of harvest was different, variation of compounds between algae although evolutionarily close (such as algae of the same genus, but that do not exhibit the same inhibitory results, or cases in which bioactivity between red algae is compared). It is also necessary to consider the location and time of harvesting of algae, since abiotic factors (climate, location, salinity, temperature, and other stressors) may influence the production and concentration of bioactive compounds [25].



Since the best results with the bioassays were presented by the polysaccharide extracts, we used the FTIR-ATR analyze where we were able to observe spectra from G. turuturu thalli (whole alga) and its colloid (polysaccharides). With those spectra, it was possible to characterize the polysaccharides and conclude that the bands present in the spectra highly support the presence of sulfated esters and the presence of a hybrid kappa/iota/theta carrageenan with some vestigial presence of agar. This information corroborates what has already been reported about G. turuturu and its similarities with other species of the same genus, G. filicina, which have already been characterized by having agar in its composition [7].



Some studies had already confirmed the presence of kappa and iota hybrid carrageenan in G. turuturu [42,43] and some others also detected the presence of cellulose and agar in the cell wall of the alga [44]. Still, in the discussion of an article [7], there were presented some studies that point out the presence of agar in the genus Grateloupia and suggest that G. turuturu produces a hybrid polysaccharide of carrageenan with a small fraction of agar.



Although antibacterial or antifungal properties of agar (a distinct feature of this carrageenophyte genus) are not known, the results obtained in the bioassays are not without corroboration by FTIR-ATR analysis since in the carrageenans identified in this alga there are already known properties regarding the inhibitory capacity against certain bacteria and fungi [7,39,40,41]. In addition, the importance of the sulfated esters composition to confer bioactivity is known [45], so the inhibitory capacity of this alga can be justified by the present bands, where several sulfate esters can be identified.



In the future it would be interesting to obtain extracts with higher concentrations (namely polar and polysaccharide extracts), it would also be interesting to test other bacteria and some fungi with different morphological characteristics, but also virulence and resistance. As well as analyzing and identifying the polar compounds present in extracts by FTIR-ATR or other techniques.




5. Conclusions


Before this work, there was a need to improve the understanding of the life cycle of Grateloupia turuturu and, also, a need to optimize the sequential extraction method for this specie. Furthermore, it was our intention to test the bioactivity of this alga’s compounds and to characterize them.



So, this work provides, for the first time, an explanatory image of Grateloupia turuturu’s life cycle and an adapted protocol for the sequential method that was used in order to obtain ethanolic and polysaccharide extracts.



Regarding its bioactivity, this work allows us to conclude that this alga has some interesting compounds with pharmaceutical interest, since it was possible to observe, both in the ethanolic extracts and polysaccharides extracts, the capacity to inhibit the growth of two different bacterial strains. In the assays with E. coli, a 55.1% of growth reduction in the presence of the ethanolic extract and 89.43% of growth reduction in the presence of the polysaccharide extract were observed. In the assays with S. aureus, a 56.19% of growth reduction in the presence of the ethanolic extract and 85.44% of growth reduction in the presence of the polysaccharide extract were observed.



From the analysis of the dried biomass by FTIR-ATR, it is possible to observe the presence and high concentration of sulfated esters (that are already known for its bioactive role and can corroborate our bioassay results). Moreover, we can conclude that G. turuturu has a hybrid kappa/iota/theta carrageenan with some vestigial presence of agar. The existence of agar in a carrageenophyte is not without interest since agar is common in agarophytes and not in carragenophytes.



With this work, the antibacterial potential of G. turuturu was widely exploited for the first time especially with the bioassays where polysaccharide extracts were tested against two bacterial strains (one Gram+ and the other one Gram−), also it was the first time that this alga’s polar extracts where tested against E. coli. Another novelty with this work was the comparison of the chemical composition between two phases of the alga’s life cycle, namely when compared its bioactivity and when analyzed by FTIR-ATR. Lastly, it was the first time that the dried sample of the whole alga was analyzed by FTIR-ATR in order to characterize its polysaccharides and its composition.



It is worth noting the need for continuity of this study, as well as to evaluate other properties such as antioxidants, anticancer, among others, which may be of extreme importance in areas such as health and nutrition.



In the future, we think it is important to characterize the ethanolic extract with HPLC, supported with a more detailed assay of FTIR-ATR in order to get more information about this alga and describe the compounds present in G. turuturu that can justify its bioactivity.
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Figure 1. Grateloupia turuturu’s life cycle. Its life cycle has three phases: Two isomorphic phases (Tetrasporophyte and Gametophyte) and a different phase (Carposporophyte) that parasites the gametophyte phase when fructified because this species is monoecious. 
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Figure 2. Cytotoxicity assay for E. coli with polar and polysaccharide extracts. T: Polar extract from Tetrasporophyte phase, C: Polar extract from Fruited gametophyte phase, P: Polysaccharide extract from Fruited gametophyte. The concentration units are in mg mL−1. 
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Figure 3. Cytotoxicity assay for S. aureus with ethanolic and polysaccharide extracts. T: Polar extract from Tetrasporophyte phase, C: Polar extract from Fruited gametophyte phase, P: Polysaccharide extract from Fruited gametophyte. The concentration units are in mg mL−1. 
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Figure 4. FTIR-ATR spectra from dried seaweed (“G. turuturu tetrasporophyte” and “G. turuturu gametophyte”) and polysaccharide extracts (“G. turuturu tetrasporophyte polysaccharide” and G. turuturu gametophyte polysaccharide”) from G. turuturu. 
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Table 1. FTIR analysis of the dried seaweed and colloid extracts from G. turuturu.
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	Wavelength Numbers (cm−1)
	Bonds/Assignments





	609
	C-S stretching vibrations (agar)



	690
	3,6- anhydro-L-galactose (agar)



	741
	C-S/C-O-C bending mode in glycosidic linkages of agars



	790
	Characteristic of agar-type in second derivative spectra



	845
	the D-galactose-4-sulfate (G4S)



	893
	3,6-anhydro-D-gactose-2-sulfate (DA2S) (agar/carrageenan)



	935
	C–O of 3,6-anhydrogalactose (DA) (agar/carrageenan)



	1012
	S=O (sulphated esters)



	1144
	S=O (sulphated esters)



	1217
	S=O (sulphated esters)
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