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Abstract

:

Mycosporine-like amino acids (MAAs) are natural ultraviolet-absorbing compounds found in microalgae and macroalgae. MAA content changes seasonally and in response to environmental factors. We previously investigated MAAs from the red alga dulse (Devaleraea inkyuleei, formerly Palmaria palmata in Japan) in Usujiri, Hokkaido, Japan, from 2019 to 2020. At that time, some factors affecting MAA content were still unclear. In this study, we investigated MAA variation during the period from January to June 2021, and evaluated new methods of MAA extraction from dulse. We recorded a maximum MAA extraction yield (7.03 µmol/g dry weight) on 25 March 2021. Over the course of our three years of investigations from 2019 to 2021, we found that dulse was most suitable for MAA preparation from the middle of February to late April. In the later work reported in this paper, we improved our extraction method by using a lower-risk organic solvent (ethanol) rather than methanol. In addition, we evaluated MAA extraction using different levels of ethanol concentration (25, 50, and 99%) and different extraction times (2, 6, and 24 h). We found that extraction with 25% ethanol for 24 h increased MAA content by a factor of 3.2, compared with our previous extraction method. In summary, we determined the most suitable sampling period for Usujiri dulse, to extract the highest content of MAAs. We also improved the effectiveness of the extraction process.
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1. Introduction


Mycosporine-like amino acids (MAAs) are natural UV-absorbing compounds. In recent years, MAAs have attracted much attention for their application in cosmetics. Researchers have also investigated the antibacterial, anticancer, antiviral, and antiallergic properties of MAAs for pharmaceutical purposes [1,2,3,4]. However, interest in the application of MAAs has mainly focused on their ultraviolet protection qualities. Ultraviolet radiation (UVR) has harmful effects on human skin, including erythema, hyperpigmentation, photoaging, and skin cancer [5,6,7]. In this regard, the importance of sunscreen products to protect human skin has recently increased. Synthetic reagent products cause environmental issues such as coral bleaching [8]. For this reason, natural compounds with high molar extinction coefficients have been proposed as alternative UV protection agents [9].



The intensity of UVR reaching Earth has been gradually increasing due to a loss in the ozone layer [10]. Marine organisms in intertidal zones are exposed to sunlight; therefore, they have evolved photoprotection mechanisms to protect themselves [11,12,13]. UVR induces reactive oxygen species (ROS) generation, and also causes oxidative stress and DNA damage. One means by which marine organisms such as seaweed, cyanobacteria, phytoplankton, and marine animals protect themselves involves the accumulation of MAAs as a UVR absorber [14,15,16].



MAAs, which are constituted by a core structure of cyclohexenone or cyclohexenimine rings, are secondary metabolites with a strong UVR absorption capacity. Depending on their molecular structures, the UV absorption maxima of MAAs range from 310 to 360 nm [17], and they have a high molar extinction coefficient (ε = 28,000–50,000) [18,19,20]. This absorption range covers both UV-A (320–400 nm) and UV-B (280–320 nm) radiation. MAAs exhibit high water solubility, high stability, low toxicity, and antioxidant activity [21,22]. Low levels of MAA content are found in marine organisms because of their high molecular extinction coefficient. Among these organisms, red algae are regarded as one of the most abundant natural sources of MAAs, and have shown promise in the cosmetic industry for photoprotection purposes [23,24].



The chemical structures of MAAs in red algae vary among species and are affected by factors such as pH, temperature, irradiation, chlorophyll, phytoplankton, nutrients, water depth, and harvest time [25,26,27,28]. A positive correlation between strong solar radiation and MAA content has been reported [29]. Red algae in intertidal zones have a higher MAA content than species in subtidal zones. Researchers have also found that the MAA content of red algae in low-latitude zones is higher than that of algae in high-latitude areas [30,31]. MAAs in algae have also been shown to exhibit various resistance functions against environmental factors such as heat stress, osmoregulation, drying, and nitrogen storage [17,32,33,34,35]. However, MAA composition changes with changes in habitat, even within the same red algae species [36]. Findings such as these highlight the need to clarify the influence of environmental factors, so that MAAs may be more effectively used in industrial applications.



Kombu is an important resource in the city of Hakodate, on the northern Japanese island of Hokkaido. The red alga dulse (Devaleraea inkyuleei in Japan, formerly Palmaria palmata [37]) grows on Kombu rope and is regarded as an underused marine resource in the area. Attempts have been made to utilize dulse as a novel local food, and to evaluate its functions such as antioxidant activity [38,39]. It has also been studied as a source of peptides for the inhibition of angiotensin I-converting enzyme activity [40] and of xylooligosaccharides for prebiotics [41,42]. Dulse has also been the subject of genome analysis [43,44] and of pigment-containing protein structural analyses [45]. Our previous two-year investigation found that dulse contained MAAs as major UV absorption compounds [46,47], but compositional variations were still unclear at that time.



In this study, we investigated the monthly variations in MAA content in dulse collected from Usujiri, Hokkaido, in the first half of 2021, to clarify variations in MAA content. In addition, to reduce the risk of harmful organic solvent, we used ethanol as a low-risk solvent and sought to evaluate its effectiveness.




2. Materials and Methods


2.1. Algal Sample Preparation


All dulse samples (Devaleraea inkyuleei in Japan, formerly Palmaria palmata [37]) were collected at 1 m depth in Usujiri, Hakodate, Japan, from January to June 2021. Thalli were washed with tap water to remove sea salt and impurities. Lyophilized algal samples were ground into a fine powder using Wonder Blender WB-1 (Osaka Chemical Co., Osaka, Japan).




2.2. Extraction of Crude MAAs from Dulse


The extraction of MAAs from dulse was performed as in our previous studies [46,47]. One gram of fine powder sample was suspended in 20 mL of distilled water at 4 °C for 6 h. The water-soluble extract was then collected via centrifugation at 4 °C, 27,200× g for 10 min. The supernatant was lyophilized and resolved in 20 mL of methanol at 4 °C for 2 h. MAAs were collected via centrifugation at 4 °C, 27,200× g for 10 min. The supernatant was evaporated and dissolved in water, the solution was centrifuged, and the supernatant was lyophilized. Solid samples were then designated as crude MAAs and were used for experimental purposes.




2.3. HPLC Analysis of MAAs


The crude MAAs were dissolved in water containing 0.1% trifluoroacetic acid (TFA) and subjected to sequential filtration via Millex-GV (pore size: 0.22 μm) (Merck Millipore, Billerica, MA, USA) and Millex-LG (pore size: 0.20 μm) (Merck Millipore). The filtrated MAAs were isolated via reversed-phase HPLC using a Mightysil RP-18GP column (5 µm, 10 × 250 mm) (Kanto Kagaku, Tokyo, Japan), with the column oven set to 40 °C and a detection wavelength of 330 nm, and using an isocratic elution of pure water containing 0.1% TFA for 7 min, and a linear gradient of acetonitrile (0–70%) containing 0.1% TFA for 13 min, at a flow rate of 4.73 mL/min. MAA content was expressed in terms of molecules per gram of dry dulse powder (μmol/g DW (dry weight)). The lambda max of each MAA was identified using a spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan) after separation via HPLC.




2.4. Protein, Phycoerythrin (PE), and Sugar Content


The amount of crude protein was determined gravimetrically. One gram of fine powder was dissolved in 20 mL water and extract at 4 °C for 12 h. After centrifugation at 12,000× g for 5 min, the supernatant was dialyzed against water at 4 °C and lyophilized. For each sample, phycoerythrin (PE) was prepared from fine powders. A 10 mg amount of powder was dissolved in 1 mL distilled water and extracted at 4 °C for 12 h. After centrifugation at 12,000× g for 5 min, the spectra of the supernatant were measured via the UV-visible ray absorption spectrum using a spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan). The amount of PE was determined by the following equation [48]: PE (mg/mL) = [(A564 − A592) − (A455 − A592) × 0.2] × 0.12. Main sugar content was determined by detected amounts of glucose and xylose. Powder was hydrolyzed using trifluoro acid, and glucose and xylose contents were determined using a glucose assay kit (Fujifilm Wako Shibayagi, Gunma, Japan) and a D-xylose assay kit (Megazyme, Wicklow, Ireland), respectively.




2.5. Abiotic Data in Hakodate


Monthly means of the daily maximum ultraviolet index (UVI) were obtained from the Japan Meteorological Agency (JMA: https://www.data.jma.go.jp/gmd/env/uvhp/info_uv.html, accessed on 27 December 2021). Following the method recommended by the JMA, erythemal UV intensity (mW/m2) was calculated by multiplying UVI by a factor of 25. The data of near-surface chlorophyll concentrations (mg/m3) were obtained from NASA’s Ocean Color WEB (https://oceancolor.gsfc.nasa.gov, accessed on 25 October 2021).




2.6. Compositional Comparison of Usujiri Dulse from 2019 to 2021


Data of MAAs from Usujiri dulse obtained between 2019 and 2020 were taken from our previous research [45,46]. Sampling of dulse growing at a depth of 1–2 m was performed in the same Usujiri area as was the case previously. Data of erythemal UVI and near-surface chlorophyll concentration in 2019 and 2020 were obtained from the JMA and from NASA’s Ocean Color WEB.




2.7. Ethanol Extraction of MAAs


To evaluate the extraction effectiveness using an organic solvent that was low-risk to human health, extraction was performed using different concentrations of ethanol for different periods of time. One gram of powder was suspended in 20 mL of 25, 50, or 99% ethanol and extracted at 4 °C for 2, 6, or 24 h. The supernatant was collected via centrifugation at 4 °C, 27,200× g for 10 min, and the composition of MAAs was evaluated via HPLC.




2.8. Statistical Analysis


Data are expressed as the mean ± standard error. All values are means of triplicate analysis. Statistical analysis was carried out using the Tukey–Kramer multiple comparisons test. All statistical analyses were performed using Statcel 3 software (Version No. 3, OMS Publisher, Tokorozawa, Japan).





3. Results and Discussion


3.1. Monthly Variations in MAAs from Usujiri Dulse in 2021


We extracted MAAs from dulse using the same method used in our previous research [46,47]. The 2021 extract contained six types of MAAs (shinorine, palythine, asterina-330, porphyra-334, usujirene, and palythene), as in 2019–2020. After separation via HPLC, these MAAs were identified by MALDI-TOF/MS or H-NMR [38,46]. The monthly variations are shown in Figure 1 and Supplementary Figure S1. Asterina-330 and shinorine were present only in small amounts. The main components were palythine and porphyra-334. The peaks of usujirene and palythene were not separated via HPLC [46,47], and their extinction coefficients were similar, as follows: usujirene, 45,070 M−1 cm−1; palythene, 47,521 M−1 cm−1. Therefore, we expressed the peak as usujirene + palythene and employed the extinction coefficient of palythene to avoid the risk of overestimation. The usujirene + palythene content was therefore the third largest. The total MAA content increased from January (2.95 μmol/g DW) to February (3.56 μmol/g DW), before peaking in March (7.03 μmol/g DW), and falling back sharply in April (3.83 μmol/g DW). MAA content was lowest in June (2.87 μmol/g DW). The content of porphyra-334 decreased significantly from March (2.96 μmol/g DW) to April (0.83 μmol/g DW). Palythine content did not change during the same period, but decreased from April (2.02 μmol/g DW) to June (1.42 μmol/g DW). Usujirene + palythene greatly decreased between March (1.53 μmol/g DW) and April (0.82 μmol/g DW) and then decreased slightly from April to June. These results showed that the composition of MAAs differed from month to month.



Comparing the 2021 data with those obtained for the previous past two years, we found a different result concerning palythene content, which increased from April to May in 2019 [46]. We observed that porphyra-334 and usujirene + palythine content decreased significantly from April to May in 2019 and 2020, as well as in 2021. However, in 2020, palythene content decreased between March and April [47], one month earlier than in 2021. Finally, we found that MAA content changed from year to year even in the same sea area.




3.2. Monthly Variations in MAA Content


The molar percentages (mol%) of MAAs in 2021 were compared (Figure 2). The molar percentages of shinorine (a maximum of 5.0 mol% on 25 March and a minimum of 2.1 mol% on 27 April) and asterina-330 (a maximum of 2.1 mol% on 1 June and a minimum of 1.4 mol% on 25 March) were stable at low values. At the beginning of the study period, porphyra-334 was the major MAA, with approximately 41 mol% from 21 January to 25 March. This then decreased dramatically to 22 mol% on 27 April, with a further, smaller decrease to 19 mol% on 1 June. Palythine was more stable, at approximately 35 mol% until 25 March, and then became the major MAA with 51 mol% on 27 April. The mol% of usujirene + palythene increased gradually from 17 mol% on 21 January to 26 mol% on 25 March.



We found previously that the mol% of palythine increased from April to May in 2019 and 2020 [46,47]. The mol% of usujirene + palythene peaked in April before decreasing in May. Considering all three years of our investigations, we found that palythine replaced porphyra-334 as the major MAA in late April or early May.




3.3. Changes in MAAs, Proteins, Saccharides, and Erythemal UV Intensity


Our data showed that the content of MAAs changed monthly. We then examined the relationship between these variations and the composition of dulse (proteins and saccharides), and also with the environmental factor of erythemal UV intensity (Figure 3). Proteins and saccharides were the major components in dulse. The original components of acid hydrolysate containing glucose and xylose were floridean starch and xylan cell wall, respectively. Water-soluble protein and phycoerythrin (PE) content also followed the same trend. We designated water-soluble protein as protein, and PE was regarded as the main component of water-soluble protein. The amount of xylose increased gradually from January to June, while the protein amount decreased from March to June, suggesting that the increase in xylose was related to the decrease in protein. In addition, erythemal UV intensity increased constantly from January to June. The relationship between xylan and the UV protection function is not known. We hypothesized that dulse might protect itself from UVR by making a thick xylan cell wall, rather than by lowering MAA production in low nitrogen conditions. Interestingly, an increase in glucose was recorded between February and March, as well as an increase in MAAs. Floridean starch is a photosynthesis product, and an increase in sunlight in March might promote starch synthesis [49]. MAAs are biologically synthesized by the shikimate pathway and the pentose phosphate pathway, which are also the routes of photosynthesis products [50]. However, the protein content of MAAs decreased in April. We hypothesized that the decrease in protein content would also include a decrease in starch synthase enzymes and in enzymes related to the shikimate and pentose phosphate pathways. Our results indicated that a decrease in MAAs corresponded to a decrease in floridean starch.



The amount of MAAs In red algae increased with erythemal UV intensity [51]. However, MAAs in dulse decreased from March to April. We collected data for erythemal UV intensity and chlorophyll concentration (from JMA and NASA’s Ocean Color WEB) (Figure 4). An increase in chlorophyll concentration in the Usujiri area from January to June indicated a decrease in nitrogen sources due to the phytoplankton proliferation [52,53]. In addition to proteins, MAAs are also associated with nitrogen compounds in red algae [32,33]. For this reason, we previously concluded that a decrease in MAAs was associated with phytoplankton proliferation around the Usujiri area [46,47].



The amounts of MAAs and chlorophyll concentrations were also compared across the whole 2019–2021 study period. Although we found that chlorophyll concentrations differed from year to year, we also noted that the whole of Hokkaido was covered by a high concentration of chlorophyll in the March–April period in all years. This concentration then declined, beginning in the western part of Hokkaido. In 2020, this decrease in chlorophyll concentration was revealed in April, whereas in 2019 and 2021 it became apparent in May. These decreases resulted in a depletion of nutrients in the sea, so that the dulse was also lacking in nutrition, and this might have reduced its capacity for MAA synthesis. Although more surveys are needed to fully understand dulse composition, the results of our three years of study show that the most suitable period for sampling Usujiri dulse for MAA preparation extends from the middle of February to late April.




3.4. Evaluation of Ethanol Extraction of MAAs from Dulse


In our previous work, we employed the water–methanol successive extraction method for MAA extraction from dulse. In this study, to better consider the use of MAAs for industrial applications, we investigated extraction conditions using an alternative organic solvent—ethanol—which is safer than methanol. To this end, we used dulse powder from the 25 March 2021 sample and evaluated the effects of different ethanol concentrations (25, 50, and 99%) and extraction times (2, 6, and 24 h) (Figure 5a). We found that extraction with 99% ethanol produced a low yield of MAAs up to 24 h. For periods up to 6 h, extraction with 25 and 50% ethanol produced higher MAA yields than the water–methanol successive extraction method. Overall, a long extraction time (24 h) resulted in a yield of MAAs that was approximately 1.7 times higher than shorter periods (2 or 6 h). The most suitable condition involved extraction with 25% ethanol for 24 h. This resulted in an MAA yield of 22.7 μmol/g DW, which was 3.2 times higher than the yield obtained using the water–methanol successive extraction method.



We also compared the composition of MAAs obtained using 25% ethanol for 24 h with those obtained by the water–methanol successive extraction method in terms of mol% (Figure 5b). The yields of palythine (28.3 mol%) and asterina-330 (1.3 mol%) in 25% ethanol extraction were equal to those in water–methanol successive extraction (29.7 mol% for palythine; 1.4 mol% for asterina-330). The mol% of shinorine in 25% ethanol extraction was 2.4 times higher. The mol% of Porphyra-334 in 25% ethanol extraction was slightly higher, while that of usujirene + palythene was considerably lower. Finally, the yield of usujirene + palythene with 25% ethanol extraction was 0.56 times the yield obtained by water–methanol successive extraction.



Usujirene + palythene have an absorption maximum of around 360 nm. This differs slightly from that of other MAAs which have absorption maxima of around 330 nm. We previously evaluated the water extraction yield of MAAs [46]. The maximum absorption of around 360 nm increased as extraction time increased from 2 to 6 h, and then decreased with time dependently. Porphyra-334 is thought to be the precursor of usujirene + palythene, and usujirene + palythene was hydrolyzed, becoming palythine [46]. This finding suggested that usujirene + palythene was enzymatically synthesized from porphyra-334, accompanying the water extraction. The combined mol% values of porphyra-334 and usujirene + palythene were quite similar for both the 25% ethanol extraction and water–methanol successive extraction methods (58.3 and 63.9 mol%, respectively).



Other MAA extraction conditions such as 80% ethanol for 5 min and 25% methanol for 2 h have also been reported in the literature [54,55,56]. However, the evaluation of extraction conditions has been less well reported. In this study, we determined the most suitable ethanol concentration and extraction time for MAAs and also evaluated MAA composition. The information presented here should help to improve the efficiency of the MAA extraction process.





4. Conclusions


In this study, we investigated monthly variations in the composition of Usujiri dulse (Devaleraea inkyuleei, formerly Palmaria palmata in Japan) in 2021. Drawing also on our similar work in 2019–2020, we found that MAAs were best prepared from Usujiri dulse collected between the middle of February and late April. We also identified a possible new relationship between MAAs and floridean starch contents. However, some factors affecting MAA composition were still unclear after our three years of investigations. Further studies will contribute to a better understanding of algal composition and related environmental factors. Finally, we found that the most effective extraction method for MAAs involved the use of 25% ethanol. This information will be helpful for the extraction of MAAs in an environmentally friendly manner.
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Figure 1. MAAs in 2021. The content of six MAAs—shinorine, palythine, asterina-330, porphyra-334, and usujirene + palythene—in dulse collected on 21 January, 22 February, 25 March, 27 April, and 1 June. Data show mean values, n = 3. 
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Figure 2. Molar percentages of MAAs in 2021. The content of six MAAs—shinorine, palythine, asterina-330, porphyra-334, and usujirene + palythene—in dulse collected on 21 January, 22 February, 25 March, 27 April, and 1 June. Data show mean values, n = 3. 
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Figure 3. Monthly variations in MAAs, proteins, and saccharides in dulse collected in 2021. The amount of MAAs was expressed as total MAA content. Water-soluble protein was determined using the gravimetric method. The amount of PE from dry weight was determined using the Beer and Eshel equation [48]. Glucose and xylose were determined via colorimetric methods. Erythemal UV intensity was obtained from the Japan Meteorological Agency (https://www.data.jma.go.jp/gmd/env/uvhp/info_uv.html, accessed on 27 December 2021). 
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Figure 4. Monthly mean MAA contents, daily maximum erythemal UV intensities, and chlorophyll concentrations in 2019, 2020, and 2021. (a) MAA content and erythemal UV intensity. The orange bar and line show MAA content and erythemal UV intensity in 2019; the gray bar and line show MAA content and erythemal UV intensity in 2021; the blue bar and line show MAA content and erythemal UV intensity in 2021. (b) Chlorophyll concentrations. The sampling place was Usujiri, at the entrance to Funka Bay. These data were obtained from JMA and NASA’s Ocean Color WEB. All data were recorded in 2019–2021. 
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Figure 5. (a) Effects of different ethanol concentrations and extraction times on MAA yields. Three ethanol concentrations (25, 50, and 99%) and three extraction times (2, 6, and 24 h) were evaluated. Concentrations of each MAA were detected via HPLC. Error bars show the average of total MAAs (n = 3). (b) Molar percentages of MAAs obtained using different extraction methods. Data were obtained from dulse collected on 25 March 2021. The data show mean values, n = 3. The values of 100 mol% in 25% ethanol and water–methanol successive extraction were 22.7 and 7.0 μmol/g DW, respectively. 
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