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Abstract

:

In the pursuit of sustainable sources for food, energy, and health products, microalgae have gained attention. In the present study, the lagoonal system of the Nestos River delta was selected as a sampling point in order to search for opportunistic and robust species. Two new strains of Tetraselmis are described with regards to their taxonomic features (as observed using light and transmission electron microscopy and molecular phylogenetics) and their biochemical properties (total lipid, total protein, and total carbohydrate content, photosynthetic pigments, and antioxidant capacity). The studied strains were identified as representatives of Tetraselmis verrucosa f. rubens. Furthermore, both strains exhibited an interesting biochemical profile coupled with high growth rates and promising antioxidant activity, without the use of enhancement and induction culture methods, warranting further investigation and showing potential for biotechnological use.
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1. Introduction


The Earth’s environments are facing a series of challenges, mainly derived from the uncontrollably increasing human population and climate crisis. Food, health, and fuel industries aim to develop new sustainable products in order to cover humanity’s constantly rising needs. Blue biotechnology is an alternative approach emphasizing the importance of exploring insufficiently studied marine biodiversity and exploiting it through environmentally friendly technologies. Microalgae, with more than 300,000 different species, are known to serve as a renewable source for a plethora of valuable products, although they remain a mostly untapped and fragmentarily studied resource [1].



Transitional waters, such as lagoons and estuaries, are significant ecological systems that, due to high spatio-temporal variability and anthropogenic pressure, favor the development of opportunistic microalgal species [2]. The impact of the variability and fluctuation of abiotic factors on lagoonal phytoplankton is expressed through high productivity rates, tolerance to intense abiotic factor gradients (e.g., nutrients, salinity, temperature, and light intensity), and unique biochemical properties [3]. As a result, the systematic investigation of these environments could reveal new robust strains with interesting bioactive compounds.



The present study aims to introduce selected strains isolated from Greek lagoons that produce high-added value compounds (antioxidants, oils, bioactive polysaccharides, and pigments) with biotechnological applications. In this framework, a sampling excursion took place in Vistonida Lake at the Nestos Delta lagoonal system in northern Greece, followed by the isolation and characterization of two Tetraselmis Stein (1878) strains. Tetraselmis as a genus is a typical representative of transitional ecosystems, while its biotechnological potential has been extensively reviewed (e.g., [4,5,6,7]). In the past few decades, the presence of the form Tetraselmis verrucosa f. rubens (Butcher) Hori, Norris, and Chihara (1983) has been verified in many Greek coastal lagoons and representatives of the taxon have been taxonomically and biochemically investigated [5]. In addition, Tetraselmis is of particular taxonomic interest as it is the only extant genus, along with the genus Scherffelia Pascher (1911), comprising the class Chlorodendrophyceae [8]. Here, the morphological, molecular, and biochemical features of two novel Greek Tetraselmis strains are presented, while their potential industrial interest is discussed.




2. Materials and Methods


2.1. Sampling


The studied strains were isolated from water samples from the lagoons of “Ksirolimni” (40°57′ N 25°09′ E) and “Porto Lagos” (40°58′ N 25°09′ E). The sampled lagoons are part of the estuarine system of Nestos River (Nestos Delta National Park) in northern Greece (Figure 1). The Nestos Delta is one of the most ecologically significant areas in Greece, covering an area of approximately 550 km2 with a catchment basin of 5749 km2, 40% of which extends within Greek territory [9]. The area is protected by national and international legislation including the Bern Convention, EC directives, and the Natura 2000 Network and it was included in the Ramsar Convention in 1971 [10,11]. The coverage area of each lagoon and some physical and chemical measurements of each sampling site are shown in Table 1.



Samplings were carried out during October 2020 using a custom-made water sampler (as the two lagoons are rather shallow, with a maximum depth ≤1 m) and samples were taken from a depth of 0.5 m. The sampled water was filtered using a fine plankton net with a mesh of 25 microns in order to remove grazing zooplankton and large phytoplankton cells. The samples were then transferred to the lab in 1 L screwcap plastic bottles using isothermal containers. Certain physical and chemical parameters (temperature, pH, dissolved oxygen, conductivity, and salinity) of the sampling stations were measured on site (Table 1) using a Lovibond SensoDirect 150 system (Tintometer Ltd., Lovibond® Water Testing, Amesbury, UK) and an Atago S/Mill-E (Atago CO., Ltd., Tokyo, Japan) handheld salinity refractometer.




2.2. Strain Isolation and Cultivation


The live field water samples were enriched with L1-medium [14] (see Supplemental File S1) and were incubated in the lab under natural sunlight. The resulting natural algal blooms (NABs) contained several different algal taxonomic groups. Strain selection was carried out using a Zeiss KF2 light microscope (Carl Zeiss AG, Jena, Germany) at ×200, ×400, and ×1000 magnification. Strain isolation was carried out with 3 different techniques: (a) multiple dilution, (b) agar plating, and (c) capillary single-cell isolation using a micropipette [15]. For the isolation stages, autoclaved artificial saltwater of adjusted salinity (Tropic Marin® PRO-REEF sea salt formula, Tropic Marin AG, Hünenberg, Switzerland) enriched with L1-medium was used. The single-strain, non-axenic cultures are preserved in the AthU-Al (Athens University Algae) strain bank of the NKUA (National and Kapodistrian University of Athens, http://phycotheca.biol.uoa.gr, accessed on 1 April 2023) in a closed culture chamber with steady conditions (temperature: 21–23 °C, light intensity: 100–150 μmoles photons·m−2·s−1, light period: 12 h day–12 h night, relative humidity: ~35%) and are re-cultivated on a monthly basis under sterile conditions in a Laminar Flow Cabinet (LFC). The two Tetraselmis sp. strains studied herein are preserved in sterile saltwater of adjusted salinity (40‰) enriched with Walne’s medium [14] (see Supplemental File S1).




2.3. Microscopic Observation and Morphology


Cells of all strains were observed under light microscopy (LM) and photographed using (a) a Zeiss Axiolab E re microscope equipped with an AmScope MU503 digital camera and the accompanying PC software (v4.11.04022022, AmScope, Irvine, CA, USA) and (b) a Zeiss Axioplan microscope equipped with an MRc 5 Axiocam digital camera (Zeiss, Jena, Germany), an epifluorescence system, and differential interference contrast system (Nomarski). Living cells were observed at ×200, ×400, and ×1000 magnification and their morphological description and identification was based on the keys by Norris et al. [16] and Hori et al. [17]. Cell biometry was carried out by measuring the cell height (H) and width (W) of ×1000 magnified fixed cells, and cell biovolume was calculated according to Hillebrand et al. [18]. A minimum of 30 cells per strain were measured, while those cells considered as non-representative of the strain due to irregular shape, wrong positioning, or damage were not included.



For transmission electron microscopy (TEM), cultured Tetraselmis cells were centrifuged, collected, enclosed in low melting agarose pellets, and fixed in 2% (v/v) glutaraldehyde (Sigma, Darmstadt, Germany) in 50 mM sodium cacodylate buffer (pH 7) for 4 h at 4 °C. Afterwards, cells were post-fixed in 1% (w/v) osmium tetroxide for 12 h and dehydrated in a graded ethanol series (10, 20, 30, 50, 70, 90, 100%) before finally being embedded in Spurr’s resin (PolySciences, Niles, IL, USA). Ultrathin sections (60–80 nm) were taken with either a Reichert-Jung ULTRACUT E (Reichert-Jung Optical Company, Vienna, Austria) or an ULTROTOME III TYPE 8801A ultramicrotome (LKB, Stockholm, Sweden) with a diamond knife. Prior to observation, sections were stained with 4% uranyl acetate (w/v) and 1% lead citrate (w/v). The sections were examined with a JEOL JEM 1011 TEM at 80 kV, and electron micrographs were acquired with a Gatan ES500W digital camera according to the manufacturer’s instructions.




2.4. Molecular Methods


Extraction of total DNA from single unialgal cultures of all strains was performed using the “Genomic DNA from Soil” kit (Macherey Nagel, Düren, Germany) according to the manufacturer’s protocol. Polymerase Chain Reaction (PCR) for the 18S rRNA, ITS (internal transcribed spacer), rbcL (large subunit of ribulose-1,5-bisphosphate carboxylase-oxygenase or RuBisCO), and TufA (elongation factor Tu) fragments were conducted with a reaction volume of 25 μL, using 0.5 μL of each primer (Table 2), 2 μL of the samples, and 12.5 μL of OneTaq 2X Master Mix with Standard Buffer (New England Biolabs, Ipswich, MA, USA) and adjusting the volume with double-distilled water (ddH2O). The amplification reactions were optimized for microalgal-derived gene fragments; more specifically, the PCR comprised an initial denaturation step at 95 °C for 3 min followed by 40 cycles consisting of 94 °C for 15 s, 48 °C for 1 min, and 72 °C for 1.5 min and a 10 min final extension step at 72 °C. PCR amplicons were quantified with a Spectrophotometer NanoDrop ND-1000 (Thermo Scientific, Waltham, MA, USA) and run in a 1.5% agarose gel stained with ethidium bromide. The “NuleoSpin Gel and PCR Clean-up” kit (Macherey Nagel) was used for the purification of each fragment according to the manufacturer’s protocol. Automated sequencing of both strands of each PCR amplicon was performed in an automated sequencer (using Big-Dye terminator chemistry) with the same primers that were used for the PCR amplifications.



The generated sequences were edited in DNA Baser v5.08 (Heracle BioSoft SRL, Lilienthal, Germany) and evaluated for their homology to the respective gene sequences available in GenBank [24] through a BLAST search. A dataset compiled from the sequences generated in the present study sequences, as well as selected BLAST results (similarity >98%, query cover >80%), was used for the subsequent phylogenetic analysis. Sequences were aligned using Mega X v10.2.6 and the Clustal X algorithm. Phylogeny was performed within a Bayesian framework (BI) using Mega X v10.2.6 [25]. For the concatenated tufA-rbcL tree, the Maximum Likelihood method, General Time Reversible model [26], and a discrete Gamma distribution were used to model evolutionary rate differences among sites. The rate variation model allowed for some sites to be evolutionarily invariable. For the ITS region, the Maximum Likelihood method, Kimura 2-parameter model [27], and a discrete Gamma distribution were used. For the rbcL and TufA genes, the Maximum Likelihood method and General Time Reversible model [27] were used. The rate variation model allowed for some sites to be evolutionarily invariable.




2.5. Culture Kinetics


Triplicate batch cultures of all strains were gradually scaled up from 50 mL to 2 L of rigorously aerated (0.5–1 vvm flow rate, air only), autoclaved artificial salt water (adjusted to 40‰ salinity) enriched with Walne’s medium. Artificial illumination was provided by cool daylight fluorescent lamps at 150–200 μmol photons m−2·s−1 (12:12 h L/D), while the temperature was kept constant at 22 ± 1 °C. Culture cell density (Nt, cells·mL−1) was measured daily under a Zeiss KF2 light microscope using an improved Neubauer hemocytometer to obtain each strain’s growth curve and determine maximum growth rates (μmax = [ln(Nt/N0)]/Δt). To calculate volumetric biomass yield and productivity, cell dry weight (DW) was determined for each strain and multiplied by cell density. DW was determined by filtering a certain culture volume of known cell density on pre-weighed GF/C filters (Whatman, Maidstone, UK) under vacuum, rinsing it thoroughly with isotonic ammonium formate solution, and then drying it in a NÜVE FN 500 furnace (NÜVE, Ankara, Turkey) at 60 °C overnight. Subsequently, DW was determined by weighing the dried filters on a Sartorius 5-digit electronic scale (Sartorius AG, Göttingen, Germany).




2.6. Biochemical Analyses


2.6.1. Total Protein Content (TP)


Total nitrogen was estimated through the Kjeldahl method [28]. The Kjeldahl method is based on three consecutive steps: digestion, distillation, and titration. Digestion was carried out on a Labtec DT 220 (FOSS A/S, Hillerød, Denmark) digestor, while a Tecator Kjeltec 8200 (FOSS A/S, Hillerød, Denmark) unit was used for distillation. Crude protein was calculated by multiplying total nitrogen by the traditional protein conversion factor of 6.25 [29].




2.6.2. Total Lipid Content (TL)


The Sulpho-Phospho-Vanillin reaction (SPV) colorimetric method [30] was used to determine the total fatty acid fraction. Initially, the phospho-vanillin solution was prepared, and the next step was to plot the standard curve for which known amounts of pure analytical grade cholesterol (0.05, 0.1, 0.25, 0.5, and 1 mg) were used. For analysis of the studied samples, 5–10 mg of dried biomass was weighed with a 5-digit precision scale (Pioneer, Ohaus GmbH, Parsipanny, NJ, USA) and transferred to glass test tubes. A volume of 2 mL of concentrated sulfuric acid (95–97%) was added to each sample and the samples were placed in a hot bath (100 °C) for 15 min. After 15 min, the samples were allowed to cool at room temperature for 5 min and 5 mL of phospho-vanillin was added. A gentle agitation step followed this procedure and the samples were then placed in a shaker at 200 rpm at 37 °C for 15 min. The samples were then diluted 1:5 with a 60% phosphoric acid solution. After dilution, an equal amount of each sample was transferred to a 96-well plate (3 replicates for each sample), which was measured at a wavelength of 530 nm using an Infinite 200 PRO plate reader (Tecan, Männedorf, Switzerland).




2.6.3. Total Polysaccharide Content (PS)


For quantitative determination of the total polysaccharide fraction (intracellular and extracellular cell-bounded polysaccharides) of the dried biomass, the colorimetric method of phenol–sulfuric acid was used, as described by DuBois et al. [31]. The method involves the addition of 1 mL of phenol (5% w/v) and 5 mL of sulfuric acid (95–97%) to 1 mL of suitably diluted biomass suspension (4 g·L−1), diluted tenfold (sugar concentration limits 0.01–0.10 g·L−1) in a test tube, and the mixture was allowed to react at a temperature of 20–30 °C after stirring for a period of 10 to 20 min, with intermediate re-stirring between intervals. The orange complex formed was measured photometrically at a wavelength of 490 nm with a Hitachi U-2000 spectrophotometer (Hitachi Ltd., Tokyo, Japan), and the concentration of total sugars was determined (as glucose equivalents) through a standard reference curve of known glucose concentrations (0.01 g·L−1, 0.03 g·L−1, 0.05 g·L−1, 0.06 g·L−1, 0.08 g·L−1, and 0.1 g·L−1).




2.6.4. Pigment Analysis


To estimate the production of total carotenoids (TC) and chlorophylls a (Chl a) and b (Chl b), the extraction of pigments was carried out in 80% acetone, followed by spectrophotometry using an ONDA 135 UV-21 photometer (Giorgio Bormac srI, Carpi, Italy). A sample of 5 mL was taken from each culture and centrifuged for 10 min at 3000 rpm. After the centrifugation, the supernatant was discarded, and 5 mL of 80% acetone was added to the pellet followed by vortexing in order to facilitate pigment extraction. The extracted samples were stored in a freezer (4 °C) overnight. The optical density (OD) of the extracts was measured at 470 nm for carotenoids and at 645, 646, 662, and 663 nm for chlorophylls using 80% acetone as a blank. The equations of Borovkov [32] are given below.


Chl a = 12.21 × OD663 − 2.81 × OD646



(1)






Chl b = 20.13 × OD646 − 5.03 × OD663



(2)






TC = (1000 × OD470 − 3.27 × Chl a − 104 × Chl b)/198



(3)







Those of Wellburn [33] are as follows:


Chl a = 11.75 × OD662 − 2.35 × OD645



(4)






Chl b = 18.61 × OD645 − 3.96 × OD662



(5)






TC = (1000 × OD470 − 2.27 × Chl a − 81.4 × Chl b)/227



(6)







These equations were then used to estimate the concentration of chlorophylls and total carotenoids expressed in mg·L−1.





2.7. Antioxidant Capacity


For estimation of the antioxidant capacity of the strains, total phenolic content (TPC) [34] and total flavonoid content (TFC) [35] were estimated, and two different assays were used: (a) FRAP (Ferric Reducing Antioxidant Power) [36] and (b) TEAC (Trolox Equivalent Antioxidant Capacity) [37].



The first step was the preparation of extracts from each strain, with 0.5 g of freeze-dried biomass dissolved in 500 mL of pure methanol (MeOH). Initially, the samples were mechanically stirred for 10 s at 7 rpm and then placed for 20 min in an ultrasonic bath (70% and 15 °C), followed by centrifugation for 10 min at 13,000 rpm and 4 °C. Subsequently, 300 µL of supernatant was transferred to autoclaved test tubes and the procedure was repeated for the remaining pellet, leading to a total of 600 μL of extract for each strain. Finally, 200 μL was filtered using a 0.22 μm filter and then placed on a rotator evaporator to evaporate the methanol. For each strain, five replicates were used and the samples were stored at −20 °C until use.



2.7.1. TPC


For estimation of the phenolic content (TPC) of the extracts, the Folin–Ciocalteu method was used [34]. Initially, Folin–Ciocalteu reagent (Sigma-Aldrich, St. Louis, MO, USA) was diluted at a ratio of 1:10 in deionized water and a sodium carbonate solution (0.5 M) was prepared. Next, 10 µL of each sample (1 mg·mL−1), 95 µL of Folin–Ciocalteu reagent, and 95 µL of sodium carbonate solution (0.5 M) was added in a 96-well plate. Finally, the samples were measured photometrically at 765 nm 5 times in total at 30 min intervals at room temperature using pure methanol as a blank. The total phenolic content was calculated in gallic acid equivalents per gram of dry matter, based on a gallic acid standard reference curve.




2.7.2. TFC


For the estimation of total flavonoids, two basic reagents were prepared: (a) pure methanol with 5% ethanoate acid v/v (acetic acid, CH3COOH) and (b) 2% aluminum trichloride (AlCl3) dissolved in methanol. Subsequently, 20 µL of each sample and 160 µL of reagent A was then added in a 96-well plate and measured photometrically at 420 nm. Afterwards, 20 µL of reagent B was added and the samples were measured photometrically again at 420 nm. Methanol was used as a blank in both measurements. Finally, to estimate total flavonoids, the difference between the two measurements was calculated and the results were expressed as mg quercetin equivalents per gram of dry biomass based on a quercetin standard curve.




2.7.3. FRAP


FRAP reagent was prepared using the following solutions in a 10:1:1 ratio: (i) 0.3 M sodium acetate solution (CH3COONa·3H2O) at pH 3.6, (ii) 10 mM solution of the reagent tripyridyltriazine (TPTZ), and (iii) 20 mM ferric chloride solution (FeCl3·6H2O). Subsequently, 10 μL of each strain extract was diluted in methanol at a ratio of 1:5, and after the addition of 190 μL of FRAP reagent, the samples were placed in a 96-well plate and incubated at 37 °C for 30 min. Finally, the absorbance of each sample was measured at 593 nm, using a solution of FRAP reagent in the extraction solvent (i.e., methanol) as a blank, and the total antioxidant capacity of each sample was calculated as ascorbic acid equivalents (in µM).




2.7.4. TEAC


For the TEAC assay, concentrated potassium persulfate (2.45 mM) was added to a 7 mM ABTS solution (Sigma-Aldrich, St. Louis, MO, USA). The final solution was incubated at room temperature for 12–16 h before use. The solution was then diluted in ethanol until an absorbance of 0.7 ± 0.02 at 734 nm was obtained. Subsequently, 10 µL of each extract mixed with 200 µL of the final ABTS solution was placed in a 96-well plate and incubated for up to 20 min at 30 °C under constant shaking, and optical density was finally measured at 734 nm. The antioxidant ability of the samples was calculated based on a reference curve with Trolox and the final antioxidant content was expressed in mg Trolox per mL.





2.8. Statistical Analysis


Statistical analysis, including one-way ANOVA, was performed for all datasets using the software TIBCO STATISTICA© (v.13.6.0, TIBCO Software Inc., Palo Alt, CA, USA).





3. Results


3.1. Morphological Description of the Strains


The LM and TEM images of the strains isolated and studied herein are presented in Figure 2, Figure 3, Figure 4 and Figure 5. The strain codes were generated using the first three letters of the origin lagoon, the sample they were isolated from, and the order of isolation (e.g., strain KSI 1-3 is the third strain isolated from the first sample taken from the Ksirolimni Lagoon).




	
AthU-Al PLA 1-2








Origin: Porto Lagos Lagoon, Macedonia–Thrace, northern Greece.



Isolation date: October 2020



Isolators: X. Chantzistrountsiou Ph.D., A. Ntzouvaras MSc



Preservation salinity: 40‰



Morphological description: The strain presents typical morphological features of the genus Tetraselmis Stein (Figure 2 and Figure 3). Cells are ovoid to oblong, rounded or slightly acute posteriorly, approximately 8 μm long and 5 μm wide, and are sheathed within a thin cell wall layer. In motile cells, this layer is usually tightly attached to the cell; however, some cells seem to be enclosed within a rounded theca, including their flagellae (Figure 2e and Figure 3c). Dividing cells and groups of two to four cells resulting from cell division were also enclosed within this round theca prior to being released in the medium in a motile, flagellated form (Figure 2e). Occasionally, the excretion of thecae in a stalk-like manner was observed, as well as the formation of mucilaginous material resulting from the accumulation of excreted thecae (Figure 2c,d). The anterior cavity (apical pit), which is characteristic for the genus, was also observed in LM (Figure 2b) and TEM (Figure 3c), with four (4) flagellae shorter than the cell body emerging from it. In cross-sections, the typical 9 + 2 microtubule formation of the flagellum can be observed (Figure 3d). The flagellar pit seems to bear very few exterior hair-like appendages (flagellar “hairs”) (Figure 3c). The flagellae seem to be emerging from two basal bodies and are located right underneath the apical pit (Figure 3c,e), directly connected with two rhizoplast fibrils which seem to extend towards the periphery of the cell (Figure 3e). Some of the cells appear to exhibit high metabolic activity in the area right under the flagellar pit, with a plethora of cysts bearing what appears to be cell wall and flagellar coat material (i.e., organic scales), indicating intense dictyosome activity (Figure 3c,e). Additionally, mitochondria are clearly distinct around the area (Figure 3b,e). The chloroplast takes up the greatest part of the cell, and it appears to be massive posteriorly and multi-lobed anteriorly (Figure 2f). The cells appear to have a verrucose (“warty”) texture in LM, indicating the presence of starch grains within the chloroplast stroma; this is verified in the TEM sections where several convex and biconvex starch grains are observed (Figure 3g–f). Ιn LM, cells appear green, with the eyespot not always conspicuous (Figure 2b); the eyespot is usually located peripherally within the cell or close to the pyrenoid, in the form of lipid granules in TEM (Figure 3f). A large, sub-central pyrenoid is observed, which may appear U-shaped under LM (Figure 2a); this is due to the fact that a large lobe of the nucleus penetrates the pyrenoid (Figure 3h–i). The nuclear material is separated from the pyrenoid matrix by a thin layer of thylacoid membrane (Figure 3i). The pyrenoid is surrounded by a sheath of plano-concave starch grains which appear to be larger and thicker than those of the chloroplast stroma (Figure 3g). It is important to note that in the TEM sections, some cells appeared to have two pyrenoids connected to each other, each penetrated by a lobe of the nucleus and each having their own starch sheath (Figure 3j). The nucleus is located centrally within the cell, between the pyrenoid and the basal bodies, and bears a distinct nucleolus (Figure 3e). In older cultures (stationary phase), palmelloid cells were also observed, i.e., round, immotile cells larger than the regular cells with a thick cell wall (Figure 2c). Some cells appear to have orange-red pigmentation on the anterior part of the cells (not associated with the eyespot), indicating the accumulation of what is referred to as “hematochrome” (Figure 2d) by Norris et al. [16]. The macroscopic view of the strain cultures presents an interesting image, as it has a green coloration during the first stages of growth (up to the post-exponential phase) that gradually turns dark red during senescence (stationary phase) (Figure 6).




	
AthU-Al KSI 1-3








Origin: Ksirolimni Lagoon, Thrace, northern Greece.



Isolation date: October 2020



Isolators: X. Chantzistrountsiou PhD, A. Ntzouvaras MSc



Preservation salinity: 40‰



Morphological description: This strain also presents typical morphological features of the genus Tetraselmis Stein (Figure 4 and Figure 5), as described before for strain PLA 1-2, with certain variations. The cells size seems to be slightly larger (~9 μm long and ~6 μm wide). The anterior cavity (apical pit) seems to bear far fewer, if any, flagellar “hairs” exteriorly compared to PLA 1-2 (Figure 5c). The eyespot is much larger and more clearly distinct in LM (Figure 4a). The chloroplast stroma bears far fewer starch grains, which are smaller and less thick than those of the previous strain, while the pyrenoid sheath starch grains seem to also be plano-concave (Figure 5h). The dictyosome activity is intense in this case as well, and rather large vacuoles were observed surrounding the nucleus in most cells (Figure 5e). In this strain, no cells were observed bearing more than one pyrenoid. Additionally, no palmelloid cells were observed in older cultures. The macroscopic view of the strain culture presents the same image (Figure 6) as before, and the accumulation of “hematochrome” (Figure 4e) is present in the cells as well.



Based on the morphological features of the cell and the available systematic keys for the genus Tetraselmis [16,17], the taxonomic classification for both strains is as follows [38]:



Kingdom: Plantae



Subkingdom: Viridiplantae



Phylum: Chlorophyta



Class: Chlorodendrophyceae



Order: Chlorodendrales



Family: Chlorodentraceae



Genus: Tetraselmis Stein 1878



Subgenus: Prasinocladia



Species: Tetraselmis verrucosa Butcher, 1956



Subspecies/form: Tetraselmis verrucosa f. rubens Hori, Norris, and Chihara, 1983




3.2. Molecular Analyses


A summary of the results from the BLAST search of the strain genes is presented in Table 3. The presented results were selected based on percentage (%) identity and an E-value of 0 since those are the ones that are more likely to reflect genus- and species-level similarities. The complete sequences generated for the selected genes can be found in Supplemental File S2. Both strains showed great similarity based on the rbcL gene (~97%) with the taxon Tetraselmis rubens, which is currently regarded as a synonym for Tetraselmis verrucosa f. rubens [38]. Additionally, based on the 18S gene, the strain KSI 1-3 showed 99.81% similarity with several isolates of the taxon T. rubens. Based on ITS sequences, both strains showed ~99.7% similarity with the strain Tetraselmis sp. DS3, which has not been identified further than the genus level. Additionally, the strains showed similarities with the species T. marina based on the tufA sequences.



The sequences generated for the rbcL and tufA genes were additionally used for the generation of a concatenated phylogenetic tree (Figure 7). The two strains were very strongly grouped together with a bootstrap value of 100% and were also grouped with several other Tetraselmis sp. strains; however, the tree is not resolved, and therefore more data are required in order to draw safe conclusions on the strains’ phylogenetic positions. It should be noted that no sequences of the tufA or ITS genes were available in the GenBank database for the species T. verrucosa, and a large number of the sequences for the Tetraselmis genus were not identified at the species level for all genetic loci. Additionally, the same sequence seemed to have been submitted more than once with different accession numbers in some cases; therefore, they showed up as different entries. Some of the sequences used for the generation of the tree belong to other Tetraselmis strains isolated by the authors and the data have not been published; the sequences can be found in Supplemental File S2, along with a full list of the accession numbers of the taxa used for the molecular analyses.



These results corroborate the findings of the morphological identification of the strains, placing them within the species T. verrucosa f. rubens.




3.3. Culture Kinetics


Growth kinetics data of the strains cultivated in the same conditions are shown in Figure 8. The strain PLA 1-2 showed a higher growth rate (μ) and higher cell density, especially during the post-exponential and stationary phases when algal culture typically reaches highest yield (i.e., the net number of cells produced). More specifically, PLA 1-2 reached a μmax of 0.8 ± 0.06 d−1, while KSI 1-3 reached a μmax of 0.6 ± 0.05 d−1. Both strains reached the stationary phase on day 5 and growth rates started declining from then on, while cell productivity was relatively stabilized at around 1.8 × 105 cells·mL−1·day−1 for PLA 1-2 and 1.4 × 105 cells·mL−1·day−1 for KSI 1-3. However, KSI 1-3 reached higher values in terms of biomass production, i.e., dry weight (~1.53 ± 0.06 g·L−1), than PLA 1-2 (1.13 ± 0.03 g·L−1); this could be due to the larger mean cell size of the KSI 1-3 strain. The mean cell biovolume was 169.60 ± 0.16 μm3·cell−1 for PLA 1-2 and 276.91 ± 0.24 μm3·cell−1 for KSI 1-3.




3.4. Biochemical Analyses


The biochemical composition of the studied strains is shown in Table 4.



Both strains exhibited relatively high polysaccharide content, especially PLA 1-2 (40.94%); PS content for the genus Tetraselmis is usually found to be around 8–12% [39,40], although higher values (45%) have been reported [7]. Protein content is higher for the strain KSI 1-3 (28.60%) compared to PLA 1-2 (15.76%) and close to the average previously reported for the genus Tetraselmis [39,40,41], while total lipid content (~13–16%) is also average up to high for both strains compared to previously reported values [7,39,40,41]. Pigment values are as expected, although they were higher for PLA 1-2 compared to KSI 1-3; these findings are also in agreement with previously reported values [42]. It should be noted that the strains were cultivated under favorable conditions (no stress or optimization regimes were applied for the enhancement of metabolite production).




3.5. Antioxidant Capacity


The results of the antioxidant capacity assays for the strains are summarized in Table 5.



Both strains used in this study exhibited similar phenolic content; however, the strain KSI 1-3 exhibited significantly higher flavonoid content than PLA 1-2, which was almost threefold higher (3.77 and 1.34 mg gallic acid/g DW, respectively). Both strains scored better in the TEAC treatment than they did in FRAP, with KSI 1-3 showing higher values in this case as well.





4. Discussion


The discovery, thorough identification, and investigation of novel microalgal strains is a timely and viable prospect for both international and local industries. Furthermore, the isolation and identification of local strains with biotechnological potential can contribute to the sustainable development of local industries, exploiting the natural wealth and biodiversity of each area. The present study is oriented towards this perspective.



Both strains described herein have been identified as representatives of the taxon Tetraselmis verrucosa f. rubens (Butcher) Hori, Norris, and Chihara [17] according to morphological and molecular criteria. Strains of this taxon have been recorded in several other transient systems of Greece in the past few decades, including the lagoons of Rhodia and Vatatsa in Epirus and the lagoonal system of Messolonghi in Aetoloakarnania, western Greece [5]. The two strains presented here are the first representatives of the taxon recorded for northern Greece, while the species has also appeared in samples taken from other lagoons in both western and northern Greece. Tetraselmis is among the most common genera in aquatic systems with representatives within the whole range of such environments, including freshwater, oceanic, transitional, and hypersaline habitats [43]. Additionally, the taxonomic position of the species belonging to the genus Tetraselmis has undergone several revisions through the decades. This genus was traditionally placed within the paraphyletic class of Prasinophyceae; however, with the rise of molecular phylogenetic data, it was placed in a new class, Chlorodendrophyceae, which appears to be a phylogenetic link between true prasinophytes and chlorophytes, though the evolutionary relationship among the clades is yet to be elucidated [8]. Despite its great importance, there are very few phylogenetic studies focusing on the genus [5,44,45], and the most detailed morphological studies are the ones presented by Hori et al. [17,46,47]. The aforementioned authors performed extensive ultrastructural TEM studies on a plethora of the genus representatives and placed the then known species within four subgenera: Tetraselmis, Prasinocladia, Tetrathele, and Parviselmis. The two studied strains were placed within the subgenus Prasinocladia based on morphological features of the pyrenoid, the apical pit, and the microscopic and macroscopic image of the cultures (accumulation of hematochrome within the cells and red coloration of the culture medium). However, in this study, a novel feature has been revealed in the cell ultrastructure: the presence of more than one pyrenoid within the chloroplast was detected in strain PLA 1-2. This observation does not only differentiate the two strains more radically than any other difference noticed between them, but it also raises questions about the credibility of the pyrenoid structure as a species-defining characteristic within the genus, which has been noted previously [45]. The presence of more pyrenoids within cells of the species has been previously hinted, but it was considered as an LM observation artifact since it had not been verified through ultrastructural data [5]. However, in light of the results presented in this study, the presence of more than one pyrenoid within some of the cells of the species is indubitable as it has been observed in both LM and TEM images. This can give rise to further investigation of the morphological criteria used to define species and below-species level classification within the genus. Moreover, it has become apparent that morphology alone is not sufficient for the conclusive identification of microalgal strains, and the need for comparative analysis of molecular and morphological data is more present than ever [5,8,48]. The molecular data resulting from this study support the morphological identification of the strains; however, the phylogenetic analysis and classification is lacking, as there are very few available sequences for the taxon submitted in GenBank. Moreover, there are also few available sequences for the genus Tetraselmis in general, especially for the tufA gene, which has been previously used successfully for assessment of the phylogenetic position and relationships of microalgae [23,49].



Regarding biokinetic data, the studied strains show comparable growth rates (when cultivated under relatively similar culture conditions) with other Tetraselmis strains (e.g., [4,50,51]). While both studied strains demonstrated cell densities lower than those reported for other Tetraselmis strains, they also demonstrated considerably higher growth rates and biomass production [52,53,54,55,56]. These results could be explained by the relatively large biovolume of both studied strains, as well as the favorable conditions applied during their cultivation in order to simulate those of the original habitats. This method can minimize the applied stress, enabling enhanced growth and productivity. Although culture kinetics is heavily influenced by the culture conditions of the strain, these results are indicative of the strains’ potential for mass cultivation.



The gross biochemical composition of the strains studied in this research is more or less in agreement with other reports for the genus Tetraselmis [39,40,55]. It is noteworthy, however, that the polysaccharide content of the strains presented herein is rather high compared to most reports, especially in case of PLA 1-2 (PS ~41% of DW), which presented one of the highest content values in the literature, making it a potential polysaccharide producer. The strain Tetraselmis sp. BPE14 reported by Barten et al. [41] exhibited elevated polysaccharide content very similar to that of the studied strains. The lipid content of the strains is also higher than in most reports (e.g., [7,39,40,41]). It is noteworthy that no methods for triggering lipid accumulation were used in the framework of the present study; with the use of such techniques (e.g., nitrate depletion) Tetraselmis strains can reach total lipids values of up to 50% [57,58]. Moreover, Tetraselmis has been shown to produce high-value fatty acids such as EPA (eicosipentaenoic acid) [4,5,59,60]. It should be noted that cultivation conditions and the synthesis of the culture medium used can cause significant changes in the biochemical composition of the strains. The lipid content of the two studied strains warrants further research regarding their specific fatty acid profile and content, as well as the use of methods that will enhance the production of lipids to allow for their possible exploitation in the food and aquaculture industries.



Chlorophyll a and b content was within the expected range in both strains and is in agreement with previous reports for the genus [61,62,63]. Chlorophyll a content is affected by various factors, such as light, nutrient concentration, temperature, salinity, and the growth phase [61,62,64], and different cultivation regimes could therefore result in different chlorophyll composition; however, the strain PLA 1-2 demonstrated almost double the values of KSI 1-3, possibly indicating a differentiated response of the photosynthetic mechanism to environmental conditions.



The taxon Tetraselmis verrucosa f. rubens has not been thoroughly studied despite the various interesting characteristics it possesses, with its high carotenoid content revealed by both morphological and biochemical data being the most prominent characteristic. Carotenoids are pigments used in a wide variety of industries, and finding strains with high carotenoid content is thus of great importance. The carotenoid content of the species estimated in the framework of this study is rather high, especially considering that no methods for the enhancement or induction of carotenoid production, nor sophisticated carotenoid extraction techniques, were used. Both strains investigated herein demonstrated significant total carotenoid content greater or similar to that reported previously (e.g., [40,42,65]), with strain KSI 1-3 demonstrating slightly higher content compared to PLA 1-2. These results are comparable to the really promising Tetraselmis strains studied by Ahmed et al. [42] and Goiris et al. [65].



Furthermore, carotenoids have been shown to have potent antioxidant properties [66,67]. Another important class of antioxidants, well known from terrestrial plants, are phenolic compounds and flavonoids, a large group of complex phenolic compounds [68,69]. The TPC and TFC values in the studied strains are in accordance with previous reports on microalgae [65,70,71]. In order to further assess the antioxidant potential of the studied strains, both FRAP and TEAC methods were deployed; although the results received for TEAC were promising and comparable to previously reported values, the results received for FRAP were relatively poor [70,71,72,73,74]. Although phenolic substances are important antioxidants in terrestrial plants, it remains unclear whether they exhibit equally important activity in microalgae. Many studies have compared phenolic content and antioxidant activity in microalgae, with results yielding both positive (e.g., [75,76]) and negative (e.g., [77]) outcomes. In the present work, two strains and two antioxidant activity measuring methods were used, and it is worth noting that the strain which presented slightly higher carotenoid content and significantly higher flavonoid content (KSI 1-3) was the one that also exhibited higher antioxidant activity.



The results presented herein were received after cultivation under optimal conditions, and the antioxidant capacity measured was therefore not enhanced as there was no stress (oxidative or otherwise) applied to the cells. Moreover, the antioxidant capacity observed is strongly influenced by the extraction method and the selected fraction [78]; therefore, further research should be performed using oxidative stress and different extraction protocols in order to fully explore the antioxidant capacity of the studied strains.




5. Conclusions


The ecological significance of microalgae is irrefutable; nevertheless, in the past decades their biotechnological and industrial potential has been intensively studied and exploited in various sections, such as aquaculture, food, pharmaceutical, and cosmetic industries and even nanotechnology. As a result, the need for the discovery and thorough identification and investigation of novel microalgal strains is a current and viable prospect for both international and local industries. Furthermore, the isolation and identification of local strains with biotechnological potential can contribute to the sustainable development of local industries, exploiting the natural wealth and biodiversity of each area. The present study was oriented towards this perspective. Both strains studied here show promising results from a biotechnological aspect due to both their composition and their growth characteristics. However, in order to fully understand their possibilities and to fully exploit their biotechnological potential, further research is needed. This should include methods for enhancing and inducing the production of secondary metabolites and further assessment of their antioxidant and anti-inflammatory properties.
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Figure 1. A map showing the location of the Nestos Delta National Park in northern Greece (Macedonia and Thrace) and the coastal lagoons “Porto Lagos” and “Ksirolimni” where the sampling took place. 
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Figure 2. Light micrographs of the strain Tetraselmis PLA 1-2. (a,b) Living, young cells (post-exponential phase, day 4); (c,d) older cells (advanced stationary phase, day 10); (e) cells during and after division; (f) epifluorescence microscopy photograph showing the chloroplast shape of the cells. Py: pyrenoid; DT: discarded thecae; Ey: eyespot; AP: apical pit; P: palmelloid cell; Mm: mucilaginous material; Hc: hematochrome; Et: external theca; LC: lobed chloroplast. Scale bars: (a,b) = 10 μm, (c–f) = 20 μm. 
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Figure 3. Transmission electron micrographs of the strain Tetraselmis PLA 1-2. (a) Longitudinal view of a whole cell; (b,c) details of the anterior part of the cell, longitudinal sections; (d) cross-section of two flagellae; (e) close-up view of the sub-apical part of the cell; (f) detail of the chloroplast; (g) cross-section of the posterior part of the cell; (h) longitudinal view of the pyrenoid area where a lobe of the nucleus can be seen penetrating the pyrenoid; (i) close-up detail of the pyrenoid in the cross-section; (j) cross-section of the posterior part of a cell bearing two pyrenoids. AP: apical pit; F: flagellum; FSc: flagellar scales; CW: cell wall; Bb: basal body; Cy: cysts bearing organic scales; ET: external theca; MT: mitochondrion; Rh: rhizoplast; N: nucleus; Nu: nucleolus; Py: pyrenoid; PSt: pyrenoid sheath starch grain; NL: nucleus lobe; Th: thylacoid membranes; CSt: chloroplast starch grains; Ey: eyespot; PM: pyrenoid matrix. Scale bars: (e,j) = 2 μm, (h) = 1 μm, (a,c,g) = 0.5 μm, (b,d,f,i) = 0.2 μm. 
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Figure 4. Light micrographs of the strain Tetraselmis KSI 1-3: (a–d) living, young cells (post-exponential phase, day 4); (e) older cell (advanced stationary phase, day 10); (f) epifluorescence microscopy photograph showing the chloroplast shape of the cells. Py: pyrenoid; Ey: eyespot; AP: apical pit; ET: external theca; F: flagellum; Mm: mucilaginous material; Hc: hematochrome; LC: lobed chloroplast; arrow head: dividing cells. Scale bars: (a) = 5 μm, (b–f) = 10 μm. 
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Figure 5. Transmission electron micrographs of the strain Tetraselmis KSI 1-2. (a) Longitudinal view of a whole cell; (b–d) details of the anterior part of the cell, longitudinal sections; (e) cross-section of the middle part of the cell (whole cell view); (f) close-up cross-section of the anterior part of the cell; (g) cross-section of the anterior part of a whole cell; (h) detail of the chloroplast. AP: apical pit; F: flagellum; ET: external theca; MT: mitochondrion; Cy: cysts bearing organic scales; V: large vacuole; Bb: basal body; Rh: rhizoplast; N: nucleus; Nu: nucleolus; Th: thylacoid membranes; Ey: eyespot; CSt: chloroplast starch grains; Py: pyrenoid; PSt: pyrenoid sheath starch grain; NL: nucleus lobe; CW: cell wall. Scale bars: (e,h) = 2 μm, (g) = 1 μm, (a,b,d,f) = 0.5 μm, (c) = 0.2 μm. 
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Figure 6. Macroscopic image of liquid cultures of the strains PLA 1-2 and KSI 1-3. (a) Fresh culture (post-exponential phase, day 5); (b) older culture (advanced stationary phase, day 15). 
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Figure 7. Consensus tree inferred with MrBayes based on rbcL and tufA genetic sequences. Numbers on the nodes correspond to bootstrap values, indicating the percentage of similarity between the linked sequences. The strains Tetraselmis KSI 1-3 and Tetraselmis PLA 1-2 studied herein have been identified as representatives of Tetraselmis verrucosa f. rubens. 
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Figure 8. Growth kinetics of the studied strains: (a) daily cell productivity (cells·mL−1); (b) daily biomass production (g·L−1); (c) growth rate (μ, d−1). Values are the average of (n = 3) three replicates; standard error is shown with error bars. 
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Table 1. Physical and chemical parameters of the water sampled from the lagoons “Porto Lagos” and “Ksirolimni”. Temperature (T), pH, conductivity (CND), salinity (S), and dissolved oxygen (DO) were measured on site during sampling. Surface area (SA), perimeter (P), and maximum depth (MD) data sources: [12,13].
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	Lagoon
	SA (km2)
	P (km)
	MD (m)
	T(°C)
	CND (mS)
	S (‰)
	DO (mg·L−1)





	Porto Lagos (PLA)
	13
	-
	-
	23.7
	8.04
	64.8
	49



	Ksirolimni (KSI)
	1.90
	5.8
	1.0
	23.9
	8.22
	63.0
	47










[image: Table] 





Table 2. Primer sequences used for molecular taxonomy analysis.
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Gene

	
Primer

	
Sequence

	
Reference






	
18S

	
MA1

	
5′-CGGGATCCGTAGTCATATGCTTGTCTC-3′

	
Olmos-Soto et al., 2012 [19]




	
MA2

	
5′-CGGAATTCCTTCTGCAGGTTCACC-3′




	
DSs

	
5′-GCAGGAGAGCTAATAGGA-3′




	
rbcL

	
rbcL 475–497

	
5′-CGTGACAAACTAAACAAATATGG-3′

	
Nozaki et al., 1995 [20]

Assunção et al., 2012 [21]




	
rbcL 1181–1160

	
5′-AAGATTTCAACTAAAGCTGGCA-3′




	
ITS region

	
ITS1

	
5′-TCCGTAGGTGAACCTGCGG-3′

	
Preetha et al., 2012 [22]




	
ITS4

	
5′-TCCTCCGCTTAT-TGATATGC-3′




	
tufA

	
TufA F

	
5′-TGAAACAGAAMAWCGTCATTATGC-3′

	
Vieira et al., 2016 [23]




	
TufA R

	
5′-CCTTCNCGAATMGCRAAWCGC-3′
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Table 3. Summary of selected BLAST results for the identification of the strains according to the generated genetic sequences.
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Genetic Locus

	
Strain Code

	
Accession Number

	
Score (Bits)

	
Identities (ID)

	
% ID

	
Gaps

	
Strand

	
Scientific Name






	
ITS

	
PLA 1-2

	
KP100529.1

	
1101

	
599/601

	
99.67

	
0

	
++

	
Tetraselmis sp. DS3




	
KSI 1-3

	
1101

	
599/601

	
99.67

	
0

	
++




	
rbcL

	
PLA 1-2

	
KX904699.1

	
1042

	
600/618

	
97.09

	
0

	
++

	
Tetraselmis rubens V 2_2




	
KSI 1-3

	
941

	
541/558

	
96.95

	
0

	
++




	
tufA

	
PLA 1-2

	
ON645926.1

	
1149

	
824/924

	
89.18

	
3/924

	
++

	
Tetraselmis marina




	
KSI 1-3

	
1171

	
838/939

	
89.24

	
3/939

	
+−




	
18S

	
KSI 1-3

data

	
OQ220342.1

	
2974

	
1615/1618

	
99.81

	
1/1618

	
++

	
Tetraselmis marina BEA0158B




	
KX904704.1

	
2916

	
1584/1587

	
99.81

	
1/1587

	
++

	
Tetraselmis rubens R 9_3




	
KX904703.1

	
2913

	
1582/1585

	
99.81

	
1/1585

	
++

	
Tetraselmis rubens R 9_2




	
KT860871.1

	
2876

	
1562/1565

	
99.81

	
1/1565

	
++

	
Tetraselmis rubens RCC133
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Table 4. Biochemical composition data of the strains PLA 1-2 and KSI 1-3. Sampling for all analyses was performed on day 10.
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	Strain
	Chl a

(mg/g DW)
	Chl b

(mg/g DW)
	TC

(mg/g DW)
	TP

(% of DW)
	TL

(% of DW)
	PS

(% of DW)





	PLA 1-2
	7.58 ** ± 0.54
	5.73 ** ± 0.48
	3.25 * ± 0.25
	15.76 * ± 1.09
	16.37 * ± 0.98
	40.94 ** ± 1.71



	KSI 1-3
	5.16 ** ± 0.17
	3.46 ** ± 0.15
	3.71 * ± 0.12
	28.60 * ± 1.35
	12.77 * ± 1.25
	27.76 ** ± 0.03







Note(s): Chl a: chlorophyll a; Chl b: chlorophyll b; TC: total carotenoids; TP: total protein; TL: total lipids; PS: total polysaccharides; DW: dry weight. Values are shown as the average of (n = 3) three replicates ± standard error (statistically significant differences: * p < 0.05, ** p < 0.01).
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Table 5. Summary of antioxidant capacity assays for the strains PLA 1-2 and KSI 1-3. Sampling for all analyses was performed on day 10.






Table 5. Summary of antioxidant capacity assays for the strains PLA 1-2 and KSI 1-3. Sampling for all analyses was performed on day 10.





	Strain
	TPC

(mg Gallic Acid/g DW)
	TFC

(mg Quercetin/g DW)
	FRAP

(mg Ascorbic Acid/g DW)
	TEAC

(mg TROLOX/g DW)





	PLA 1-2
	5.99 ± 0.09
	1.34 ** ± 0.11
	1.42 ** ± 0.02
	3.73 ** ± 0.37



	KSI 1-3
	5.84 ± 0.05
	3.77 ** ± 0.32
	1.70 ** ± 0.03
	5.49 ** ± 0.09







Note(s): TPC: total phenolic content; TFC: total flavonoid content; FRAP: Ferric Reducing Antioxidant Power; TEAC: Trolox Equivalent Antioxidant Capacity; DW: dry weight. Values are shown as the average of (n = 3) three replicates ± standard error (statistically significant differences: ** p < 0.01).
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