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Abstract

:

The green macroalga Ulva prolifera has a number of variants, some of which are asexual (independent from sexual variants). Although it has been harvested for food, the yield is decreasing. To meet market demand, developing elite cultivars is required. The present study investigated the genetic stability of asexual variants, genotype (hsp90 gene sequences) and phenotype variations across a temperature gradient (10–30 °C) in an apomictic population. Asexual variants were collected from six localities in Japan and were isolated as an unialgal strain. The hsp90 gene sequences of six strains were different and each strain included multiple distinct alleles, suggesting that the strains were diploid and heterozygous. The responses of growth and sporulation versus temperature differed among strains. Differences in thermosensitivity among strains could be interpreted as the result of evolution and processes of adaptation to site-specific environmental conditions. Although carbon content did not differ among strains and cultivation temperatures, nitrogen content tended to increase at higher temperatures and there were differences among strains. A wide variety of asexual variants stably reproducing clonally would be advantageous in selecting elite cultivars for long-term cultivation. Using asexual variants as available resources for elite cultivars provides potential support for increasing the productivity of U. prolifera.
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1. Introduction


The green macroalga Ulva prolifera O.F. Müller, 1778 (Class Ulvophyceae) is an example of an alga showing isomorphic alternation of generations, with sporophytes and gametophytes that are morphologically indistinguishable. In the life cycle of Ulva, gametophytes of two mating types release biflagellate gametes with positive phototaxis, and the zygote develops into the sporophytic phase [1]. Sporophytes release quadriflagellate meiospores through meiosis, which develop into genetically separate gametophytes [2]. In addition to the sexual life cycle, several Ulva species, including U. prolifera, are known to have two types of obligate asexual life cycles without sexual reproduction via meiosis and conjugation, reproducing through biflagellate or quadriflagellate diploid zoids specialized for asexual development, these zoids have negative phototaxis [3]. These asexual zoids were termed “zoosporoids” [4,5]. The quadriflagellate zoosporoids of obligate asexual life history were a length of <10 µm; these were smaller in size than quadriflagellate meiospores of sexual life history (>11 µm length). On the other hand, biflagellate zoosporoids of obligate asexual life history were a length of 8–9 µm; these were distinguished from biflagellate games (6–7 µm length) [6]. These asexual variants are regarded as diploid thalli because the amount of DNA in the cells of asexual thalli is similar to that in the cells of the sporophytic thallus [6,7]. A recent study conducting genome and transcriptome analyses of U. prolifera suggests that the asexual thalli originally evolved via apomeiosis in sporophytic thalli [8]. Another study has revealed that the two asexual variants of U. prolifera show high levels of heterozygosity in the hsp90 gene, probably as a result of hybridization among genetically distinct gametophytes [9]. These findings indicate that evolution of the asexual variants of U. prolifera has been independently repeated from various genetically distinct sexual populations. Therefore, although asexual U. prolifera variants show obligate clonal reproduction, they may include a wide range of genotypes with various physiological characteristics.



The industrial use of U. prolifera has a long history, being harvested and used as food in Japan since the 10th century A.D. [10]. Since the 1990s, the artificial seedling method has been developed and the cultivation in estuaries and brackish water areas has been carried out, mainly around Shikoku Island, the 4th largest island of the Japanese Archipelago [11]. However, both cultivated and natural harvest yields have declined markedly due to various environmental factors, particularly salinity and temperature (e.g., [12]). To meet market demand, the “germling cluster” (GC) method was developed as a novel way to raise seedlings and land-based cultivation on an industrial scale began in Japan early this century [13]. Globally, the land-based cultivation of Ulva species is focused on biomass production in view of their rapid growth and lack of any requirements for freshwater resources or particular soils for cultivation [14,15,16]. However, it is important to develop a stable cultivation technique in order to achieve sustainable industrial production.



Developing an elite cultivar of Ulva species is an essential factor for successful land-based cultivation on a commercial scale, with, in particular, a requirement for a superior growth rate [17]. Since growth rates can vary substantially between cultivars of Ulva, both from within the same species [18,19,20] and among different Ulva species [21], it is important to compare and select from a wide variety of species and cultivars for optimal biomass production [16]. Asexual variants are particularly appropriate for the selection of elite cultivars because their genetic characteristics can be preserved even across many generations, which is very different from the F1 hybridization techniques used with terrestrial crops. Understanding the growth characteristics of asexual variants with respect to environmental differences is also necessary in order to be able to select elite cultivars appropriate to each cultivation area. Additionally, U. prolifera thalli often produce and release zoids apically and become shorter in length at 20 °C and over [22]. Therefore, cultivars continuing vegetative growth without sporulation at 20 °C and over are appropriate for land-based cultivation. In short, to select elite cultivars it is important to verify the growth characteristics of different variants not only to optimize growth but also with regard to temperature effects on maturation. However, there have been few studies so far concerning the phenotypic differentiation of U. prolifera asexual variants.



The aim of the present study, therefore, is to identify the physiological characteristics for growth and sporulation responses of asexual variants of U. prolifera among recognized strains. Asexual thalli were collected from six localities in Japan and compared for their growth rate, carbon and nitrogen contents, and sporulation responses across a range of temperatures using the GC method for seedling production and cultivation to apply the industrial aquaculture perspective.




2. Results


2.1. Molecular Analysis


The hsp90 gene sequences of the six strains showed the presence of alternative bases at some positions, indicating the presence of different alleles (Figure 1) and suggesting that these strains are heterozygous and diploid.




2.2. Growth Rate and Sporulation at Different Temperatures


The relative growth rate (RGR) at different cultivation temperatures differed among strains. The mean RGR of Strain 1 varied narrowly over the range 0.3–0.4 and was not significantly influenced by temperature (p = 0.298, Figure 2, Strain 1), and the values of the maximum were about 1.3 times those of the minimum. However, those of other localities varied among temperature and there were significantly differences by post-hoc tests (p < 0.01, Figure 2, Strain 2–6). Although no clear peaks of RGR of Strain 2 and 4–6 were detected, maximum values were detected at 20–30 °C (Figure 2, Strains 2 and 4–6). The maximum values were 2.2–2.9 times those of the minimum. However, RGRs for Strain 3 indicated a clear peak with a mean of 0.55 at 20 °C, which is 3 times faster than the value at 10 °C (Figure 2). The RGRs of Strains 1 and 3 were significantly higher than those of other strains at 10 °C (p < 0.05) and 20 °C (p < 0.01), respectively (Supplemental Table S1). Throughout the cultivation period, no sporulating cells were detected in any of the thalli incubated at 10 or 15 °C (Figure 3). However, from the 2nd day of cultures at 20 °C or above, sporulating cells were already present in Strain 4 thalli (Figure 3), and in the thalli of Strains 1–3, and 5 from the 4th day of culture (Figure 3). In Strains 3–5, sporulating cells occupied more than half the total thallus area at 30 °C (data not shown). Strain 6 thalli showed no evidence of sporulation in cultures incubated below 25 °C, sporulation only began from the 8th day of culture (Figure 3) and was limited to only the tip of the thallus (data not shown).




2.3. Carbon and Nitrogen Content at Different Temperatures


The carbon content of thalli for all six strains ranged between 0.337 ± 0.005 and 0.396 ± 0.001 mg mg−1, with no obvious peak at any particular incubation temperature, although differences detected among incubation temperatures were significant for Strains 1–3 (Figure 4).



Nitrogen content ranged from 0.035 ± 0.001 (at 10 °C) to 0.055 ± 0.001 mg mg−1 (at 30 °C), tending to increase with increasing temperature, for all except Strain 6 (Figure 5). In the latter, no significant differences were detected among different temperature incubations, the values ranging between 0.037 ± 0.001 and 0.0433 ± 0.002 mg mg−1 (Figure 5).





3. Discussion


The optimum temperature for growth of U. prolifera is known to vary according to sampling locality (strain) within the range 15–25 °C (reviewed by [23]), and the thalli generally mature and release zoids at 20 °C or higher [22]. However, previous studies did not identify the generation or type of life cycle of the specimens used in culture experiments. The present study revealed that different strains of asexual thalli of U. prolifera had differences in thermosensitivity of growth and sporulation, and that this may be connected with the presence of different hsp90 genotypes among these different strains. The growth rate temperature optima range within 20–25 °C, which is similar to that reported in previous studies [23]. It is noteworthy that for most strains the growth rate showed significant thermosensitivity. However, the growth rate of Strain 1 was not significantly influenced by temperature, suggesting that it can maintain growth even at lower temperatures. Strain 1 is from the northern Pacific coast of Hokkaido, which is close to the northern limit of distribution of U. prolifera [24], so it might be expected to have a lower temperature tolerance than other strains. With regard to sporulation, only Strain 6 thalli did not sporulate at 20 °C within 12 days, demonstrating a clearly different thermosensitivity from other strains, with a greater tolerance to high temperatures for maintaining vegetative growth.



It might be expected that the differences observed in growth rates and temperature tolerance among strains are connected with the environmental characteristics of the locality from which they were obtained. However, the results of the present study indicate that strains from neighboring localities have clearly different thermosensitivity; for instance, the localities of Strains 2 and 3 are only 5 km apart. Considering the genotypic differences among strains of hsp90, the phenotypic differences would be caused by genetic background. This suggests that the characteristics of each strain are not necessarily closely adapted to the environmental conditions at the locality in which it is found, and it is considered that the phenotypic diversity of this alga is itself high and not dependent upon site-specific environmental conditions. Hiraoka and Higa (2016) [3] proposed that U. prolifera had evolved from an ancestral marine species to become a true estuarine species: firstly, the sexual population adapted to low salinity conditions, and then a number of different asexual generations arose from genetically variable sexual ancestors, with natural selection finally producing an array of specialized asexual thallus genotypes that efficiently occupy the estuarine habitat. The variable thermosensitivity of asexual variants among localities could be interpreted as the result of the evolution and adaptation processes of this alga. The variation of hsp90 genotypes observed among the six strains may be a manifestation of the phenotypic differentiation among them. Distinguishing among the genotypes affecting the phenotypes requires further study.



Measurements of the net photosynthetic rate and RGRs of U. prolifera collected from green tides in China have peak at 18–22 °C with a marked decline at 26 °C [25]. However, in the present study, carbon content was not observed to vary across different culture temperatures for all strains. This demonstrates the potential for stable carbon fixation among strains of U. prolifera regardless of temperature fluctuations, implying also a potential for CO2 mitigation by U. prolifera which could be calculated from yield data.



Nitrogen content, however, varied with temperature for all strains except Strain 6, despite the presence of nutrients sufficient for culture conditions. In previous studies, the nitrogen content of U. prolifera collected from eutrophic areas of the Yellow Sea, was reported to be 3.6% [26]. However, values of 3–4% were found in wild-collected thalli from the same locality as Strain 6, where the dissolved inorganic nitrogen concentration measured was found to be insufficient for optimum growth [27]. In the present study, nitrogen content was in the range 2.8–5.1% across different incubation temperatures, suggesting that the assimilation capacity for nitrogen is influenced by temperature. Raven and Geider (1988) previously reported that temperature influences the nutrient-uptake rates via Q10 effects on algal metabolism [28]. The nitrogen content might therefore reflect the physiological response to differences in temperature which was a variable among the strains in the present study.



Many green algae show rapid nutrient uptake rates, contributing to the removal of excess nutrients in the water column [29,30]. According to the results of the present study, nutrient uptake kinetics might differ among strains and this may be useful for optimizing temperature-dependent quantitative removal of nitrogen from water column in land-based cultivation. This suggests a clear future requirement to ascertain the nutrient-uptake kinetics of each strain of asexual variant.



For practicing land-based cultivation on an industrial scale, it is impractical (and uneconomic) to have to adjust the seawater temperature in the tank by external means. Therefore, seawater pumped from offshore or from saline wells, with seasonally fluctuating temperatures, needs to be used as it is for land-based cultivation. In order to improve and maximize productivity for such seasonal changes in seawater temperature, information about growth and sporulation responses of asexual variants is required, as in the present study.



Currently, several land-based cultivation facilities in southern Japan are facing decreases in productivity due to reproductive maturation and pausing of growth at 20 °C or higher in summer. The use of cultivars with where sporulation does not occur until much higher temperatures, such as Strain 6 in the present study, would be one means to enable stable year-round cultivation in these southern areas. In contrast, higher productivity in the low winter temperature of northern areas require strains with higher growth rates at such temperatures. From the results of the present study, the growth rates of Strains 1 and 3 were significantly higher than other strains at 10 °C and 20 °C, respectively, so these strains can be regarded as elite cultivars at those temperatures.



It might also be effective to use these cultivars seasonally according to observed changes in seawater temperature. The present study revealed that asexual variants of U. prolifera cover a wide phenotypic range of thermosensitivity as a result of natural selection. With regard to preserving valuable characteristics as an elite cultivar, selection from asexual variants is a useful technique, because in sexual strains the occurrence of recombination may result in the loss of the required optimal responses. Therefore, evaluating and utilizing of these asexual variants as a resource pool of candidates for elite cultivars will help to support optimization of productivity and expand the cultivable area of algae such as U. prolifera.




4. Materials and Methods


4.1. Collection and Stock Maintenance of Thalli


Ulva prolifera thalli were collected from the estuaries of six Japanese rivers (see Table 1). To confirm the life cycle of all thalli collected at each locality, sporulation and releasing zoids were conducted according to Hiraoka et al. (2003) [6]. Zoids of samples from sites 1 to 4 and 6 were found to be biflagellate. These thalli were confirmed as asexual variants, since their zoids showed negative phototaxis and were obviously bigger than both male and female gametes reported in previous studies [6]. Zoids of site 5 were quadriflagellate. Thalli cultured from the quadriflagellate site 5 zoids released the same type of quadriflagellate zoids again. More than two generations were repeated and all released quadriflagellate zoids, confirming that site 5 thalli were obligate asexual variants. A unialgal culture strain was established for each locality (Table 1, Strains 1–6) at Usa Marine Biological Institute, Kochi University. All strains were transported to the Yuriage Factory, Riken Food Co., Ltd., in Natori City, Miyagi Prefecture, and their seeding stocks for the growth and maturation experiments were prepared according to the GC method for unattached (free-floating) macroalgal culture [13]. Thallus clusters were produced according to the method of Hiraoka et al. (2020) with slight modifications [21]. Synchronous zoid formation in each strain was induced by cutting a well-developed thallus into small fragments of 1–2 mm in length, which were washed in sterilized fresh water for approximately 10 s and cultured in a Petri dish containing 40 mL Enriched Seawater (ES) medium [31] at 20 °C under a 12 h:12 h L:D cycle, with light of 150 µmol photons m−2 s−1. Under these conditions, thallus fragments released biflagellate (Strains 1–4 and 6) or quadriflagellate (Strain 5) zoids within 3 days.



Aliquots of zoid suspension densely concentrated using their phototactic response were placed in Petri dishes, adjusted to a density of >104 zoids per 1 mL medium, and incubated under the same conditions as above. After 3 weeks, germlings grew at a high density on the bottom of the dish and attached to one another to form aggregations with the appearance of a green mat. The aggregations were scraped off the dish without harming them, torn into numerous small clusters and cultured with gentle aeration, allowing to drift freely within the vessel. When they attained a length of 1 mm or more, they were statically stocked under weak light (<50 µmol photons m−2 s−1 under 12 h:12 h L:D cycle) at 20 °C for one week until used for growth-rate and sporulation-response experiments.




4.2. Molecular Analysis


Total genomic DNA was extracted from a small fragment of living material using BT Chelex® 100 Resin (Bio-Rad Cat# 143-2832, Hercules, CA, USA). A fragment of approximately 1 cm of each sample was ground in a 2 mL tube with 100 μL of 10% Chelex solution using a homogenization pestle at room temperature and incubated at 95 °C for 20 min, shaken at the middle and end of the 20 min period. The mixture was then cooled and centrifuged at 4000 rpm for 2 min.



Part of the sixth exon of the hsp90 gene sequence was amplified using the primer pair of hsp90-6F (5′-GCAGACCCAGAAAGTGATCTATTAYATCA-3′) and hsp90-6R (5′-GCAGGYTCATCCAGACTAAATCC-3′), as reported by Ogawa et al. (2014) [9]. PCR amplifications were carried out using KOD FX Neo (ToYoBo, Osaka, Japan) and performed using a thermal cycler for 35 cycles of denaturation at 98 °C for 10 s, annealing at 55 °C for 30 s, and extension at 68 °C for 30 s, followed by a final hold at 10 °C. PCR products were sequenced by Fasmac (Atsugi, Kanagawa, Japan).




4.3. Growth Rate at Different Temperatures


To reduce the lag phase growth of the stocked materials, hundreds of thallus clusters for each strain were pre-cultured in a round 3L-flask with continuous aeration for 7 days. The flask was filled with sterilized seawater containing half-strength ES medium [31]. Temperature and light conditions for growth of germlings were as described above. The medium was changed every day. When the thallus clusters grew to 5–10 mm in length in this pre-culture, 8–12 clusters (0.01 g-wet, Figure 6a) were transferred to 500 mL-flasks and cultured with aeration at 10, 15, 20, 25, 30 °C for 8 days (Figure 6b). Light was provided from an LED unit (3LH-64, NK System Co., Ltd. Osaka, Japan) at 150 µmol photons m−2s−1 with a 12 h:12 h L:D cycle in the incubator (CN-40A, Mitsubishi Electric Engineering Co., Ltd., Tokyo, Japan). Half-strength ES medium was used as culture medium and changed every day. The temperature range and light intensity were set according to the previous study about the RGR of this alga vs. abiotic conditions [21], the RGR was saturated at a light intensity of >67 µmol photons m−2 s−1 and indicated broad ranges from 10 °C to 30 °C. The pre-culture experiment decided the enrichment medium condition; we confirmed that the half-strength of ES medium could be sufficient for the RGR by changing it daily. To determine the fresh mass of living material without causing damage by drying, thallus clusters were held between sterilized paper towels four times to carefully remove water on the surface, immediately placed in a Petri dish (9 cm in diameter) filled with half-strength ES medium on an electronic balance (0.1 mg accuracy), quantified, and returned to the same culture condition. This mass measurement was made within a few minutes at the end of the light period every day, equally spaced at 24 h intervals. Relative growth rate (RGR: the continuously accelerating growth of algae during the exponential phase; Supplemental Figure S1) was calculated using the following equation:


RGR = (lnW1 − lnW0) day−1








where W0 is the initial fresh mass in the culture at time zero, and W1 is the mass after 24 h.




4.4. Sporulation at Different Temperatures


Between five and eight precultured thallus clusters were selected and separated individually in the center part of clusters being careful not to injure the thallus and interfere with the release the sporulation inhibitor [32]. Three intact thalli (length 1 mm) from each strain were selected and each individual placed in a separate 500 mL flask and cultured at 10, 15, 20, 25, 30 °C under 150 µmol photons m−2s−1 with a 12 h:12 h L:D cycle for 12 days, using the same incubators and LED units as for the growth rate experiments. All were incubated in half-strength ES medium renewed every 2 days. When the medium was changed, the thalli were placed in a 9 cm Petri dish filled with half-strength ES medium and the thallus surface was observed by light microscopy for the presence or absence of sporulation (Figure 6c–e) and, using a digital camera attachment, recorded as digital images.




4.5. Carbon and Nitrogen Contents at Different Temperatures


For all strains used in the growth rate experiment at different temperatures, five clusters were randomly selected after final measurements had been taken. Since the light intensity used was above the compensation irradiance for photosynthesis [23], and the culture medium (half-strength ES; approximately 420 µM as nitrate) was changed every day, the thalli were considered to be supplied with sufficient carbon and nitrogen for normal growth to occur. Seawater was carefully blotted from the thallus surface of the cluster samples, which were placed in a dry oven (EYELA WFO-500, Tokyo Rikakikai Co., Ltd., Tokyo, Japan) for 12 h at 90 °C. The dried thalli were then each pulverized with a pestle and mortar and carbon and nitrogen content were measured using a CHN analyzer (Flash 2000, Thermofisher Scientific, Waltham, MA, USA).




4.6. Statistical Analysis


All data are presented as mean ± S.E. Significant differences in RGR, carbon content, and nitrogen content among different cultivation temperatures and different strains were identified by the Kruskal–Wallis test followed by Steel–Dwass multiple comparison tests. A nonparametric procedure was chosen because not all of the data were normally distributed or homoscedastic.
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The following are available online at https://www.mdpi.com/article/10.3390/plants10112256/s1, Figure S1: Upper figure: Wet weight variations in thallus clusters of six strains of Ulva prolifera incubated in vitro at one of five different temperatures, 150 µmol photons m−2 s−1 (12/12 h light/dark cycle) in half-strength ES medium with aeration for 8 d. Lower figure: the same data expressed as natural logarithms. The slopes for each combination of strain and temperature were used to generate the relative growth rate values in Figure 2. Table S1: Differences in RGR, Carbon, and nitrogen contents among five strains of Ulva prolifera at 10, 15, 20, 25, and 30 °C. Data were analyzed using Kruskal–Wallis test followed by post-hoc Scheffe’s test for multiple comparisons.





Author Contributions


Conceptualization, Y.S.; methodology, Y.K., M.M., E.I., M.H. (Masakazu Hoshino); validation, Y.S.; formal analysis, Y.S. and E.I.; investigation, Y.S., Y.K., M.M., M.H. (Masakazu Hoshino). and M.H. (Masanori Hiraoka); data curation, Y.S. and M.H. (Masanori Hiraoka); writing—original draft preparation, Y.S.; writing—review and editing, M.H. (Masakazu Hoshino), and M.H. (Masanori Hiraoka); visualization, E.I. and Y.S.; supervision and project administration, Y.S. and M.H. (Masanori Hiraoka). All authors have read and agreed to the published version of the manuscript.




Funding


This work partially supported by basic-science research funding from Riken Food Co., Ltd., in 2019–2021 to Y.S., M.M., and Y.K.; and from the JST-OPERA Program (Grant Number JPMJOP1832) to Y.S., Y.K., and M.H. (Masanori Hiraoka).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article and supplementary material.




Acknowledgments


We thank H. Nagoe, M. Hoshi, and Y. Chiyokawa at the Yuriage Factory of Riken Food Co., Ltd., for their support with statistical analysis and cultivation studies. We also thank A. Kokubun and T. Taki of Riken Vitamin Co., Ltd., for their support with analysis of carbon and nitrogen contents.




Conflicts of Interest


All authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




References


	



Fjeld, A.; Lovlie, A. Genetics of multicellular marine algae. In The Genetics of Algae; Lewin, R.A., Ed.; Blackwell Scientific Publications: Oxford, UK, 1976; pp. 219–235. [Google Scholar]

	



van den Hoek, C.; Mann, D.G.; Jahns, H.M. Algae. An Introduction to Phycology; Cambridge University Press: Cambridge, UK, 1995; pp. 391–408. [Google Scholar]

	



Hiraoka, M.; Higa, M. Novel distribution pattern between coexisting sexual and obligate asexual variants of the true estuarine macroalga Ulva prolifera. Ecol. Evol. 2016, 6, 3658–3671. [Google Scholar] [CrossRef]

	



Bliding, C. Über. Enteromorpha intestinalis und compressa. Bot. Not. 1948, 2, 123–136. [Google Scholar]

	



Bliding, C. A critical survey of European taxa in Ulvales. Part, I. Capsosiphon, Percursaria, Blidingia, Enteromorpha. Opera Botan. 1963, 8, 1–160. [Google Scholar]

	



Hiraoka, M.; Dan, A.; Shimada, S.; Hagihira, M.; Migita, M.; Ohno, M. Different life histories of Enteromorpha prolifera (Ulvales, Chlorophyta) from four rivers on Shikoku Island, Japan. Phycologia 2003, 42, 275–284. [Google Scholar] [CrossRef]

	



Hiraoka, M.; Shimada, S.; Ohno, M.; Serisawa, Y. Asexual life history by quadriflagellate swarmers of Ulva spinulosa (Ulvales, Ulvophyceae). Phycol. Res. 2003, 51, 29–34. [Google Scholar] [CrossRef]

	



Ichihara, K.; Yamazaki, T.; Miyamura, S.; Hiraoka, M.; Kawano, S. Asexual thalli originated from sporophytic thalli via apomeiosis in the green seaweed Ulva. Sci. Rep. 2019, 9, 13523. [Google Scholar] [CrossRef] [PubMed]

	



Ogawa, T.; Ohki, K.; Kamiya, M. High heterozygosity and phenotypic variation of zoids in apomictic Ulva prolifera (Ulvophyceae) from brackish environments. Aquat. Bot. 2014, 120, 185–192. [Google Scholar] [CrossRef]

	



Miyashita, A. Marine Algae as Food; Hosei Daigaku Shuppankyoku: Tokyo, Japan, 1974; p. 315. Available online: http://pi.lib.uchicago.edu/1001/cat/bib/5151556 (accessed on 15 September 2021).

	



Dan, A.; Ohno, M.; Matsuoka, M. Cultivation of the green alga Enteromorpha prolifera using chopped tissue for artificial seedling. Aquac. Sci. 1997, 45, 5–8, (In Japanese with English Abstract). [Google Scholar]

	



Pandey, R.S.; Ohno, M. An ecological study of cultivated Enteromorpha. Usa Mar. Biol. Inst. Kochi Univ. 1985, 7, 21–31. [Google Scholar]

	



Hiraoka, M.; Oka, N. Tank cultivation of Ulva prolifera in deep seawater using a new “germling cluster” method. J. Appl. Phycol. 2008, 20, 97–102. [Google Scholar] [CrossRef]

	



Bird, M.I.; Wurster, C.M.; de Paula Silva, P.H.; Bass, A.M.; de Nys, R. Algal biochar–production and properties. Biores. Tech. 2011, 102, 1886–1891. [Google Scholar] [CrossRef]

	



Mata, L.; Magnusson, M.; Paul, N.A.; de Nys, R. The intensive land-based production of the green seaweeds Derbesia tenuissima and Ulva ohnoi: Biomass and bioproducts. J. Appl. Phycol. 2016, 28, 365–375. [Google Scholar] [CrossRef]

	



Lawton, R.J.; Sutherland, J.E.; Glasson, C.R.K.; Magnusson, M.E. Selection of temperate Ulva species and cultivars for land-based cultivation and biomass applications. Algal. Res. 2021, 56, 102320. [Google Scholar] [CrossRef]

	



Sato, Y. Cultivation of seaweed in land based tank system in Japan. Agric. Biotechnol. 2021, 5, 44–47. (In Japanese) [Google Scholar]

	



Lawton, R.J.; Mata, L.; de Nys, R.; Paul, N.A. Algal bioremediation of waste waters from land-based aquaculture using Ulva: Selecting target species and strains. PLoS ONE 2013, 8, e77344. [Google Scholar] [CrossRef] [PubMed]

	



Fort, A.; Mannion, C.; Fariñas-Franco, K.M.; Sulpice, R. Green tides select for fast expanding Ulva strains. Sci. Total Environ. 2020, 698, 134337. [Google Scholar] [CrossRef]

	



Fort, A.; Lebrault, M.; Allaire, M.; Esteves-Ferreira, A.A.; McHale, M.; Lopez, F.; Fariñas-Franco, J.M.; Alseekh, S.; Fernie, A.R.; Sulpice, R. Extensive variations in diurnal growth patterns and metabolism among Ulva spp. Strains. Plant Physiol. 2019, 180, 109–122. [Google Scholar] [CrossRef]

	



Hiraoka, M.; Kinoshita, Y.; Higa, M.; Tsubaki, S.; Monotilla, A.P.; Onda, A.; Dan, A. Fourfold daily growth rate in multicellular marine alga Ulva meridionalis. Sci. Rep. 2020, 10, 12606. [Google Scholar] [CrossRef] [PubMed]

	



Hiraoka, M.; Dan, A.; Hagihira, M.; Ohno, M. Growth and maturity of clonal thalli in Enteromorpha prolifera under different temperature conditions. Nippon Suisan Gakkaishi 1999, 62, 302–303. (In Japanese) [Google Scholar] [CrossRef]

	



Xiao, J.; Zhang, X.; Gao, C.; Jiang, M.; Li, R.; Wang, Z.; Li, Y.; Fan, S.; Zhang, X. Effect of temperature, salinity and irradiance on growth and photosynthesis of Ulva prolifera. Acta Oceanol. Sin. 2016, 35, 114–121. [Google Scholar] [CrossRef]

	



Shimada, S.; Yokoyama, N.; Arai, S.; Hiraoka, M. Phylogeography of genus Ulva (Ulvophyceae, Chlorophyta), with special reference to the Japanese freshwater and brackish taxa. J. Appl. Phycol. 2008, 20, 979–989. [Google Scholar] [CrossRef]

	



Wu, H.; Gao, G.; Zhong, Z.; Li, X.; Xu, J. Physiological acclimation of the green tidal alga Ulva prolifera to a fast-changing environment. Mar. Environ. Res. 2018, 137, 1–7. [Google Scholar] [CrossRef]

	



Liu, D.; Keesing, J.K.; He, P.; Wang, Z.; Shi, Y.; Wang, Y. The world’s largest macroalgal bloom in the Yellow Sea, China: Formation and implications. Estuar. Coast. Shelf Sci. 2013, 129, 2–10. [Google Scholar] [CrossRef]

	



Nigi, G.; Kinoshita, I.; Hiraoka, M.; Azuma, K. The effect of fluctuation in nutrients on the thallus length and pigment content of Ulva prolifera in the Shimanto River estuary. Jpn. J. Phycol. 2018, 66, 7–16. [Google Scholar]

	



Raven, J.A.; Geider, R.J. Temperature and algal growth. New Phytol. 1988, 110, 441–461. [Google Scholar] [CrossRef]

	



Valiela, I.; McClelland, J.; Hauxwell, J.; Behr, P.J.; Herch, D.; Foreman, K. Macroalgal blooms in shallow estuaries: Controls and ecophysiological and ecosystem consequences. Limnol. Oceanogr. 1997, 42, 1105–1118. [Google Scholar] [CrossRef]

	



Li, H.; Zhang, Y.; Chen, J.; Lie, F.; Jiao, N. Nitrogen uptake and assimilation preferences of the main green tide alga Ulva prolifera in the Yellow Sea, China. J. Appl. Phycol. 2019, 31, 625–635. [Google Scholar] [CrossRef]

	



Andersen, R.A.; Berges, J.A.; Harrison, P.J.; Watanabe, M.M. Appendix A—Recipes for freshwater and seawater media. In Algal Culturing Techniques; Andersen, R.A., Ed.; Elsevier Academic Press: Cambridge, UK, 2005; pp. 429–538. [Google Scholar]

	



Dan, A.; Hiraoka, M.; Ohno, M. On the induction of reproductive cell formation in the green alga, Enteromorpha prolifera: Relationship of temperature and size of tissue disk. Aquacult. Sci. 1998, 46, 503–508, (In Japanese with English Abstract). [Google Scholar]








[image: Plants 10 02256 g001 550] 





Figure 1. Comparison of hsp90 gene sequences from Ulva prolifera thalli (undergoing an asexual life cycle) collected from six Japanese strains (see Table 1). Dots indicate identity with Strain 1; blanks indicate deletions; and double rows of dots and the following characters indicate the presence of different alleles: K, either G or T; M, either A or C; R, either A or G; S, either C or G; W, either A or T; Y, either C or T. 
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Figure 2. Relative growth rate (RGR) of Ulva prolifera thalli from each of six localities incubated in vitro at one of five different temperatures. The RGRs (n = 5) were calculated from four consecutive samples linearly arranged between 0.01 and 0.1 g (Supplemental Figure S1). Error bars indicate standard error of the mean. Different lowercase letters indicate significant differences (p < 0.05) among different temperatures. The results of statistical analysis among strains at each cultivation temperature were shown in Supplemental Table S1. 
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Figure 3. Changes in the frequency of occurrence of sporulating individuals of Ulva prolifera incubated in vitro at one of five different temperatures. Values are means ± standard error; n = 5 individuals. 
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Figure 4. Comparison of carbon content in six strains of Ulva prolifera incubated in vitro at one of five different temperatures. Values are means ± standard error; n = 5 individuals. Different lower-case letters indicate significant differences (p < 0.05) among different temperatures. The results of statistical analysis among strains at each cultivation temperature were shown in Supplemental Table S1. 
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Figure 5. Comparison of nitrogen content in six strains of Ulva prolifera incubated in vitro at one of five different temperatures. Values are means ± standard error; n = 5 individuals. Different lowercase letters indicate significant differences (p < 0.05) among different temperatures. The results of statistical analysis among strains at each cultivation temperature were shown in Supplemental Table S1. 
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Figure 6. Representative images of Ulva prolifera used for the present study. (a,b) Thalli produced by the germling cluster method for the growth experiment: (a) initial thalli; (b) thalli after 8 d of cultivation. (c–e) Thallus for sporulation experiment: (c) sporulating individual with sporulated cells (arrows), (d) dark coloration indicating formation of sporulated cells, and (e) zoids released from sporulating part of thallus. Solid squares indicate 1 cm2 (a,b) and 0.25 cm2 (c); bars (d,e), 300 µm. 
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Table 1. Basic information on the Ulva prolifera strains collected from six estuarine localities in Japan for use in this study.
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	River
	City or Town, Prefecture or Subprefecture
	Strain No.
	Latitude and Longitude





	Oboro
	Akkeshi, Kushiro
	1
	43°04′33.7″ N, 144°50′16.6″ E



	Sekiguchi
	Yamada, Iwate
	2
	39°28′28.5″ N, 141°57′03.3″ E



	Orikasa
	Yamada, Iwate
	3
	39°26′57.4″ N, 141°57′43.5″ E



	Sakari
	Ofunato, Iwate
	4
	39°04′50.0″ N, 141°43′10.0″ E



	Natori
	Natori, Miyagi
	5
	38°10′49.6″ N, 140°56′51.7″ E



	Takeshima
	Shimanto, Kochi
	6
	32°57′44.5″ N, 132°58′34.0″ E







The Oboro River is on Hokkaido Island, the Takeshima River is on Shikoku Island, and the remaining rivers are in northeastern Honshu.
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