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Abstract

:

As an economically valuable red seaweed, Neopyropia yezoensis (Rhodophyta) is cultivated in intertidal areas, and its growth and development are greatly influenced by environmental factors such as temperature. Although much effort has been devoted to delineating the influence, the underlying cellular and molecular mechanisms remain elusive. In this study, the gametophyte blades and protoplasts were cultured at different temperatures (13 °C, 17 °C, 21 °C, 25 °C). Only blades cultured at 13 °C maintained a normal growth state (the relative growth rate of thalli was positive, and the content of phycobiliprotein and pigments changed little); the survival and division rates of protoplasts were high at 13 °C, but greatly decreased with the increase in temperature, suggesting that 13 °C is suitable for the growth of N. yezoensis. In our efforts to delineate the underlying mechanism, a partial coding sequence (CDS) of Cyclin B and the complete CDS of cyclin-dependent-kinase B (CDKB) in N. yezoensis were cloned. Since Cyclin B controls G2/M phase transition by activating CDK and regulates the progression of cell division, we then analyzed how Cyclin B expression in the gametophyte blades might change with temperatures by qPCR and Western blotting. The results showed that the expression of Cyclin B first increased and then decreased after transfer from 13 °C to higher temperatures, and the downregulation of Cyclin B was more obvious with the increase in temperature. The phosphorylation of extracellular signal-regulated kinase (ERK) decreased with the increase in temperature, suggesting inactivation of ERK at higher temperatures; inhibition of ERK by FR180204 significantly decreased the survival and division rates of protoplasts cultured at 13 °C. These results suggest that downregulation of Cyclin B and inactivation of ERK might be involved in negatively regulating the survival and division of protoplasts and the growth of gametophyte blades of N. yezoensis at high temperatures.






Keywords:


Neopyropia yezoensis; water temperature; growth; cyclin; extracellular signal-regulated kinase












1. Introduction


Neopyropia (Rhodophyta, Bangiaceae) is a genus of eurythermic macroalgae. Different species have different adaptabilities to environmental factors such as light and temperature; therefore, they are widely distributed in shallow intertidal zones of cold and subtropical regions [1]. Neopyropia yezoensis is a type of cultivated red seaweed that has immense economic value, which has been used as processed food or as a source of substances that promote health [2]. In addition, agar obtained from discolored N. yezoensis is successfully used in bacterial plate culture and DNA electrophoresis without agarose purification [3]. The annual production of N. yezoensis is about 1.8 million tons which estimated value about USD 1.5 billion [4]. The demand of N. yezoensis is increasing each year, leading to an increase in its cultivation scale [5]. N. yezoensis has diploid and haploid stages in its life cycle [6]; the haploid gametophyte blades (thalli) are the edible laver blades planted on the aquaculture raft whose growth is affected by various ecological factors, such as temperature, salinity, and pH values [7,8]. Particularly, in recent years, rising seawater temperatures due to global warming [9] have put pressure on the cultivation of Neopyropia [10,11]. The differences in color and yield of N. yezoensis harvested at different periods are mainly impacted by temperature. Degradation and loss of photosynthetic pigments and phycobiliprotein will lead to the discoloration of the edible gametophytes and reduction in the quality of N. yezoensis product, negatively affecting the seaweed cultivation industry [12]. Therefore, the breeding of strains with high yield and strong tolerance has become an important topic in N. yezoensis cultivation [13]. Currently, many studies have been conducted worldwide to develop high-temperature-resistant (HTR) strains of N. yezoensis by ray mutagenesis and intraspecific hybridization on gametophytic blades of N. yezoensis [14,15,16]. However, these studies remained at the individual level, and the underlying molecular mechanisms have not been understood till date.



The net photosynthetic rate and pigment content can be used to characterize the growth of algae [17] and determine the quality of algal production and application [12,18]. The major photosynthetic pigments in gametophyte blades are as follows: chlorophyll (Chl), carotenoids, phycoerythrin (PE), phycocyanin (PC), and allophycocyanin (APC) [19,20]. Chl and carotenoids, as auxiliary pigments of photosynthesis, can effectively expand the range of light absorbed by plants and are necessary for energy production; they can also be used as a secondary antioxidant to prevent oxidation in response to oxidative stress by combining free oxygen or free radicals [21]. The quality of algae products is evaluated on the apparent blackness, which mainly arises from the photosynthetic pigments. For red algae, the distinctive color is due to phycobiliprotein [12,18,20]. The determination of photosynthetic parameters such as Chl fluorescence, photosynthetic pigment content, and photosynthetic oxygen evolution rate can be used to indicate improvement of stress tolerance and breeding efficiency of high-yield strains [19]. Temperature affects the contents of Chl a and phycobilins (PB) in Geitlerinema amphibium and Pyropia tenera [22,23]. When cultured at 0 °C, 5 °C, and 10 °C, the growth and development of N. yezoensis thalli were slow, resulting in decreased phycoerythrin contents as well as discolored thalli [24]. For Chlamydomonas reinhardtii, the photosynthetic rate is affected by temperature; the growth rate increases and the cell cycle duration shortens with an increase in temperature until the optimum temperature is attained, then the growth rate declines and cell cycle duration is prolonged [25].



Cells increase in number by cell division, producing smaller daughter cells; then, daughter cells grow by accumulating mass and increasing in size, leading to continuous growth of individual organisms. Coordinate regulation of cell growth and division rates determines cell size and individual growth [26,27]. To explore the molecular mechanisms underlying the growth and physiological changes of N. yezoensis in response to different temperatures, we focused on discovering molecules that regulate the mitotic phase.



The cell cycle progression of eukaryotes, including green algae, is primarily controlled by evolutionarily highly conserved serine/threonine kinases, termed cyclin-dependent-kinase (CDK)/cyclin complexes [28,29,30]. The cell cycle dependence on growth is associated with the attainment of cell cycle commitment points (CP) which are functionally equivalent to START in yeasts and restriction points in mammalian cells. Increasing temperature within normal physiological ranges results in increased growth and faster CP attainment. The CDK activity promotes the attainment of CP and mitosis. There are two related CDKs that regulate the progression of plant cell cycle, namely, CDKA and plant-specific CDKB [31,32]. CDKB transcription is activated in S/M cells [33]. The expression of Cyclin B occurs in the late G1 phase and accumulates gradually; it reaches the maximum value in the late G2 phase and maintains until metaphase, and then degrades rapidly [34].



Both biotic and abiotic stresses can induce a series of biological reactions by activating the mitogen-activated protein kinase (MAPK) signaling pathway, regulating cell functions related to various physiological, developmental, and plant hormone responses, thus affecting plant cell division and differentiation [35,36,37]. Many studies have shown the correlation between extracellular regulated protein kinase (ERK), a member of MAPKs signal pathway, and cell division processes of many species. In synchronized Chlamydomonas reinhardtii cultures, the expression peaks of ERK-type MAPK genes appeared around S/M phase, in a manner similar to the main peak of CDKB, implying their functional involvement in S/M-phase entry [38]. p42/p44 MAPK (ERKs) regulate the expression of cyclin and the activity of associated CDK activities that drives specific cell cycle responses to extracellular stimuli to participate in cell proliferation and differentiation [39]. Exposure of Dunaliella viridiscell to PD98059, a specific inhibitor of the ERK signaling pathway, caused a complete dephosphorylation of ERK and a total arrest of cell proliferation, indicating that activation of the ERK signaling pathway is required for cell proliferation [40].



As previously reported, temperature affects the growth and physiological metabolism of N. yezoensis; the optimal growth of the gametophyte thalli occurred at 10–15 °C [41], and was inhibited when cultured at 20 °C for 3 weeks [16]. To obtain a heat-resistant and high-yield strain of N. yezoensis, 23 °C and 24 °C were selected as the high temperature stress for screening [42,43]. In this study, we explored the cellular and molecular changes of N. yezoensis in response to high temperature stress at 17 °C, 21 °C, and 25 °C, respectively, and 13 °C was used as the normal control, laying a foundation for further revealing its cellular and molecular mechanism in response to adverse environmental conditions.




2. Materials and Methods


2.1. Algae and Culture Conditions


The fresh thalli of N. yezoensis (length: 3–4 cm) were collected from cultivation rafts, which were obtained from Rudong coasts, Jiangsu Province, China. The thalli were transported to the laboratory in an incubator containing ice packs. Thereafter, the thalli were cleaned thrice with artificially sterilized seawater. Then, the thalli were kept dry in the shade and stored at −80 °C for later use. Before performing the experiment, they were removed from the refrigerator and placed in artificially sterilized seawater in the illumination incubator for resuscitation for at least three days. The temperature was fixed at 13 °C, and the light intensity was fixed at 80 µmol photos m−2 s−1 with a light period of 10 L:14 D. Each liter of sterilized seawater contains 1 μL of Provasoli’s enriched seawater (PES) medium. The seawater was changed every five days. After resuscitation, the thalli were cultured in sterilized seawater in illumination incubators at 13 °C, 17 °C, 21 °C, and 25 °C, respectively.




2.2. Measurement of Growth Rate


The fresh weight of the gametophyte blades was measured every 5 days to calculate the relative growth rate (RGR) after removal of extra water by paper towel.



The calculation formula was as follows [44]:


RGR = (ln w2 − n w1)/Δt








where w1 was wet weight 1, which referred to the initial wet weight of the thalli, and w2 represented wet weight 2, which referred to the wet weight after culture at a specific temperature. Δt referred to the time between cultures, i.e., 5 days.




2.3. Protoplast Isolation, Fluorescent Brightener 28 and Evans Blue Staining


About 0.5 g of the N. yezoensis gametophyte blades were cleaned with 0.7% KI for 10 min and cut into 2 mm2 fragments in enzyme solution composed of 150 μL of abalone enzyme (crude extract was obtained directly from abalone, after centrifugation at 12,000× g for 10 min at 4 °C to remove the insoluble materials) and 2 mL of seawater [45,46]. After digesting at room temperature for 4 h, the disintegration of single cells and protoplasts could be observed under a microscope. Thereafter, protoplasts were collected by centrifugation and diluted to a proper concentration, then cultured in sterilized seawater in light incubators at 13 °C, 17 °C, 21 °C, and 25 °C, respectively. The absence of cell wall from the isolated protoplasts was confirmed by staining with 0.1% Calcofluor White M2R (Fluorescentbrightener28, Sigma, St. Louis, MO, USA) under a UV florescence microscope (Leica, DM2500, Wetzlar, Germany). To determine the viability of protoplasts, 0.5% Evans blue staining solution was added and incubated for 5 min at room temperature before observation under a microscope. Dead cells were dyed blue. Therefore, the survival rate of protoplasts was obtained by calculating the proportion of unstained living protoplasts in the total number of protoplasts. To assess the effects of ERK on the survival and regeneration of protoplasts, 10 μM FR 180204 (ERK inhibitor) was applied to the culture medium at 13 °C for 10 days [47]. The survival rate was measured as described above and the division rate was calculated as the proportion of dividing cells in the total number of cells.




2.4. DNA Extraction and Gene Cloning


Total DNA was extracted by using NuClean Plant Genomic DNA Kit (CWBIO, Shanghai, China). The primers were designed by Primer-blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/ accessed on 2 March 2021) in National Center for Biotechnology Information (NCBI) database (https://www.ncbi.nlm.nih.gov accessed on 2 March 2021). PCR amplification of Cyclin B was conducted at 94 °C for 10 min and 30 cycles (94 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s); amplification of CDKB was conducted at 94 °C for 10 min and 30 cycles (94 °C for 30 s, 55 °C for 30 s, and 72 °C for 60 s), followed by an extension reaction at 72 °C for 7 min. PCR products were purified in 1% agarose gel, and the target fragment was excised and cloned into a pESI-T vector (Yeasen, Shanghai, China). After transforming the fragments into competent Escherichia coli cells, positive recombinants were identified and sequenced for verification (Invitrogen, Shanghai, China).



The Cyclin B and CDKB gene sequences were analyzed using the BLAST algorithm available at the NCBI website. MEGA5 software was used to compare the protein coding sequences of Cyclin B and CDKB in N. yezoensis with the amino acid sequences of similar sequence information obtained from BLAST in NCBI. The neighbor joining (NJ) method was used and phylogenetic evolutionary tree including Cyclin B and CDKB were constructed, respectively.




2.5. Determination of Photosynthetic Pigments Content


After incubation at different temperatures for 2 d, 4 d, and 6 d, fresh thalli of N. yezoensis were taken out to analyze its content of photosynthetic pigments. After absorbing extra water with paper towel, 0.1 g of samples were weighed and fully ground in liquid nitrogen. Then, 1 mL of 100% methanol was added to extract pigments at 4 °C for 24 h. After centrifuging for 10 min at 4 °C, 5000× g, Chl a (652 and 665 nm) and carotenoids (480 and 510 nm) were obtained from the supernatant, the concentrations of which were determined by fluorescence photometer [48].



After fully grinding 0.1 g of thalli in liquid nitrogen, 1 mL of 0.05 mol/L phosphate buffer (pH = 6.8) was added to extract phycobiliproteins. The extract was kept at room temperature for 3 min and then frozen at −20 °C for 30 min, after then, the extract was taken out and kept at room temperature for 1 h before frozen again. Repeated thawing and freezing for more than 3 times. Phycoerythrin (PE) and phycocyanin (PC) were obtained by collecting the supernatant after centrifuging for 10 min at 4 °C, 3500× g. The concentrations of PE (455, 564, and 592 nm) and PC (592, 618, and 645 nm) were determined by fluorescence photometer [49].




2.6. Quantification of Gene Expression by RT-qPCR


Thalli cultured at different temperatures were collected after 6, 12, 24, and 72 h incubation. Total RNA was isolated by using RNApure Plant Kit (DNase I) (CWBIO, Shanghai, China), and cDNA was synthesized by using Hifair®II1st Strand cDNA Synthesis Kit (YEASEN, Shanghai, China) according to the manufacturer’s instructions. The primers for the quantification of gene expression (cyclin B-qF: TCATTGACCGGTTCCTCTCC; cyclin B-qR: CGGGTCTCAGGAGCGTAGAT) were designed by using Primer-blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome accessed on 5 July 2021) in NCBI. The 2−ΔΔct method was used to quantify the transcription at different temperatures after normalization to actin, and the relative expression level of Cyclin B was calculated as fold change of transcription at 13 °C.




2.7. Protein Extraction and Western Blot Analysis


Thalli cultured at different temperatures were collected after 6, 12, 24, and 72 h incubation. The total proteins were extracted by using plant protein extraction kit (CWBIO, Shanghai, China), and their concentration was determined by using BCA Protein Assay Kit (CWBIO, Shanghai, China).



By using SDS-PAGE Gel Quick preparation Kit (Beyotime, Shanghai, China), the 12% SDS- polyacrylamide gels were prepared. Protein samples were boiled at 100 °C for 5 min, and then loaded with 20 μg of total protein per lane. After performing electrophoresis for 30 min at 70 V, the electrophoresis condition was changed to 120 V for 90 min. The protein was finally transferred onto polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA). The membranes were blocked with 5% non-fat milk diluted in TBST (TBS with Tween-20) for 90 min at room temperature. After washing the sample thrice with TBST for 10 min sequentially, we incubated the membranes with the following antibodies: Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (D13.14.4E) XP® Rabbit mAb (dilution, 1/2000; Cell Signaling Technology, Danvers, MA, USA), p44/42 MAPK (Erk1/2) antibody (dilution, 1/2000; Cell Signaling Technology, Danvers, MA, USA), β-actin antibody (dilution, 1/2500; PhytoAB, San Francisco, CA, USA); CYCB1-1 antibody (dilution, 1/2000; orb28110, biorbyt, Cambridge, UK) overnight (at least for 16 h) at 4 °C. The sample was washed again thrice and incubated with secondary antibody: horseradish peroxidase (HRP)-conjugated affinipure goat anti-Rabbit IgG(H+L) (Proteintech) for 70 min at room temperature. The proteins were detected by enhanced chemiluminescence reagents (Thermo Fisher Scientific, MA, USA) and were analyzed using Image J (National Institute of Health, Bethesda, MD, USA), with β-actin as internal control.




2.8. Statistical Analysis


Results of all the experiments were expressed as the means ± standard deviation, and data were analyzed using 2-way ANOVA Multiple comparisons. Parameter estimates were examined using Tukey’s test. All statistical analyses were conducted using GraphPad Prism software (https://www.graphpad.com/scientific-software/prism/ accessed on 22 August 2021 and 9 April 2022).





3. Results


3.1. The Increase in Temperature Had a Negative Effect on the Growth of N. yezoensis


3.1.1. The Increase in Temperature Reduced the Relative Growth Rate of the Thalli of N. yezoensis


The relative growth rate of N. yezoensis decreased with the increase in temperature (Figure 1). In the four temperature conditions, the relative growth rate of N. yezoensis thalli was positive, indicating a normal growth state only at 13 °C; in contrast, the relative growth rates were all negative at 17 °C, 21 °C, and 25 °C, indicating that higher temperature had a kind of inhibition effect on the growth of N. yezoensis. Therefore, 13 °C was the suitable temperature for N. yezoensis growth; a higher temperature inhibits the growth, exhibiting a kind of stress.




3.1.2. The Increase in Temperature Changed the Contents of Phycobiliprotein and Photosynthetic Pigment


The contents of phycocyanin and phycoerythrin at 13 °C and 17 °C remained relatively stable with a slight change over time, and the variation trends closely resembled each other; however, when cultured at higher temperatures of 21 °C and 25 °C, the contents of phycocyanin and phycoerythrin significantly increased after incubation over 4 days, and were much higher than that at 13 °C (Figure 2a,b). The contents of Chl a and carotenoid increased within 2 days at all groups, which was 2 days earlier than that of phycobiliprotein, then they significantly decreased after 2 days at 21 °C and 25 °C (Figure 2c,d). The losses of Chl a and carotenoids indicated the damage to the photosynthetic apparatus, while the high expression of phycobilin meant the activation of antioxidant system of the algae to cope with stress [17], suggesting that high temperature caused damage to algal photosystem, which further inhibited their normal growth. Therefore, from the perspective of changes in photosynthetic pigment content, thalli can maintain normal physiological state at 13–17 °C.




3.1.3. High Temperature Inhibited the Survival and Division of Protoplasts


Protoplasts were isolated from the gametophyte blades of N. yezoensis by enzymatic hydrolysis. As shown in Figure 3, under the action of enzymatic hydrolysate, the cell wall gradually disintegrated, the interaction between cells was gradually “cut off”, and the gap between cells became larger (Figure 3a–e). Finally, single isolated protoplasts were obtained by centrifugation, and the diameter of protoplasts ranged from 10 to 20 μm (Figure 3f). At the cutting surface caused by scissors, the cell wall was relatively weak and easy to be enzymatically hydrolyzed, resulting in more cell rupture and pigment leakage (Figure 3c).



Cell fragments generated during the preparation of protoplasts by scissor shearing and enzymatic hydrolysis no longer had intact cell membranes and thus were stained blue after incubation with Evans blue dye, while protoplasts with intact cell membrane remained unstained because of the membrane’s selective permeability of the dye, making the dead and intact alive protoplasts distinguishable from each other (Figure 4).



Regeneration of the cell wall of protoplasts could be observed in 2 days by FB28 staining in blue under UV florescence microscope (Figure 5). The regeneration of cell wall in protoplasts indicated that the cells were in a normal state and could continue to grow and divide.



After incubation at different temperatures for certain time, the protoplasts were stained with Evans blue dye, and the dead and intact alive cells were counted under a microscope. The results showed that the survival rate of protoplasts decreased with the increase in temperature, especially in the treatment group of 25 °C. After 4 days, the survival rate of protoplasts decreased obviously, and by the 10th day, all protoplasts cultivated at 25 °C died (Table 1). Regarding protoplast division, incubation at high temperature showed inhibition effect on it. As shown in Figure 6 and Table 1, cell division was observed in all the protoplasts incubated at temperatures except for 25 °C, and the division rate of protoplasts cultured at 13 °C and 17 °C, which was considered to be the suitable temperature range for algal growth, maintained high in the first few days; however, the ratio of divided cells to the total cells decreased with the increase in culture temperature (Table 1).





3.2. Clone and Sequence Analysis of Cyclin B, CDKB


Based on our previous transcriptome data of N. yezoensis (not yet published), partial coding sequence (CDS) of Cyclin B and complete CDS of CDKB were successfully cloned. Sequences have been uploaded to NCBI, and Genbank numbers were OM320797 and OM320799, respectively. The phylogenetic tree displayed phylogenetic positions of these genes: Cyclin B was clustered into one subgroup cloned from Pycnococcus provasolii, Trebouxia sp., Chlorella sorokiniana, Ostreococcus tauri, Dunaliella salina, Raphidocelis subcapitata, and Monoraphidium neglectum, respectively, and an adjacent subgroup from Gonium pectorale, Tetrabaena socialis, and Volvox carteri f. nagariensis (Supplementary Materials Figure S1c). CDKB was clustered into one subgroup from Chondrus crispus, Gracilariopsis chorda, Cyanidioschyzon merolae, and Porphyridium purpureum, respectively, and an adjacent subgroup from Elaeis guineensis, Phoenix dactylifera, Dioscorea cayenensis subsp. rotundata, Sorghum bicolor, Zingiber officinale, and Solanum lycopersicum (Figure S1d).




3.3. The Relative Expression Level of Cyclin B in N. yezoensis at Different Temperatures


Since the expression of Cyclin B changes periodically during the process of cell cycle, leading to CDK activation/ inhibition and the progression of cell cycle and cell division, the expression of Cyclin B in N. yezoensis was studied to determine whether it was involved in algal growth in response to high temperature stress of 17 °C, 21 °C, and 25 °C, comparing to the normal control of 13 °C. The results showed that, the transcription level of Cyclin B was strongly upregulated with the increase in temperature at 6 h; the higher the temperature, the greater the level of such upregulation (Figure 7). However, prolonged high temperature stress gradually diminished its effect on upregulating Cyclin B transcription; at 48 h, the relative expression level of Cyclin B at 25 °C was lower than that at 13 °C (Figure 7), suggesting that high temperature stress inhibits the transcription of Cyclin B over time.



Western blot results showed that the protein level of Cyclin B increased significantly with the increase in temperature at 12 h, and reached a level of nearly 10 folds of actin control at 25 °C (Figure 8a); however, incubation at high temperatures for 72 h decreased the protein level of Cyclin B, and the level of which at 25 °C was significantly lower than that at 13 °C (p < 0.01, Figure 8b), suggesting that high temperature stress downregulates Cyclin B over time.



Taken together, the above studies demonstrated that short-term (within 12 h in this study) heat stress stimulated the expression of Cyclin B, while long-term heat stress significantly downregulated it, which may lead to the arrest of cell cycle progression and inhibition of cell division.




3.4. The ERK Signaling Pathway Involved in the Response of N. yezoensis to Temperature Changes


Studies have shown that ERK signaling pathway regulates cell division. In this study, we found that the phosphorylation level of ERK, which represented the activity level of ERK signaling pathway, decreased with the increasing temperature after the thalli cultured at different temperatures for 48 h, indicating that high temperature stress inhibits the activation of ERK signaling pathway. Thus, it can be speculated that cellular activities such as division, growth, and development responses downstream of ERK signaling pathway are also inhibited by high temperature stress (Figure 9).



To verify the involvement of ERK signaling pathway in cellular functions of N. yezoensis, we added the ERK inhibitor FR 180204 to the seawater in which the protoplasts were cultured at 13 °C. Within 4 days, the addition of inhibitor FR 180204 significantly reduced the survival rate of protoplasts (p < 0.05); and it continued to decrease over time (Figure 10a). Moreover, cell division was inhibited by the ERK inhibitor, as shown in Figure 10b that the division rates of protoplasts were significantly lower with the existence of FR 180204 (p < 0.01).





4. Discussion


Temperature has been reported to greatly affect the growth and development of N. yezoensis. Repeated rises in temperature from 18 °C to 23 °C and 24 °C inhibited the development of N. yezoensis germlings, resulting in large-scale rotting of blades, and consequently a sharp drop of the yield [43]. The gametophyte thalli of N. yezoensis on the cultivation rafts located in the offshore farm grew very well at temperatures between 10 and 15 °C [41]; when the temperature was higher than that, the thalli exhibited retarded growth and the yield decreased [24]. This was consistent with the results of this study: only thalli incubated at 13 °C maintained a net increase in relative growth rate, while those incubated at 17 °C and higher temperatures showed a loss of weight (Figure 1); protoplasts cultured at 13 °C got a much higher survival rate and regeneration rate than those at 17 °C and higher temperatures (Table 1). However, in the outdoor raceway tanks with circulating water, the optimum seawater temperature for the growth of N. yezoensis thalli ranged from 10 to 17 °C, which was higher than that in Nori cultivation farm [50]; the difference may partly be a reflection of the condition that the seawater temperature in Nori cultivation farm does not change independently but changes along with other factors. The above results indicate that temperature over 17 °C may lead to heat stress of N. yezoensis, thereby negatively affecting algal growth and development.



The composition and contents of photosynthetic pigments in N. yezoensis, which closely correlate to the photosynthetic rate and the quality of plant and algal products, will fluctuate in response to environmental stress [19]. Meristotheca papulose, a subtidal red alga that grows in an ambient temperature of 20 °C, was reported to reach the highest level of its maximum net photosynthetic rate (NPmax) and high saturation light intensity when incubated over-night (12 h) at 28 °C, and the lowest level at 12 °C [20]. The photosynthetic pigment ratios of N. yezoensis increased with the increase in temperature [13]. When Geitlerinema amphibium (BA-13), mat-forming cyano-bacterium from the southern Baltic Sea, was cultured at three temperatures (15 °C, 22.5 °C, and 30 °C), both Chl a and β-carotene increased slightly with the increase in temperature [22]. In this study, compared with the control group (13 °C), heat stress (temperatures above 17 °C) increased the contents of phycobiliproteins but decreased the contents of Chl a and carotenoids (Figure 2), which was consistent with Li et al. in Gelidium amansii [17]. Taking the most suitable temperature (20 °C) for photosynthesis of Gelidium amansii as control, the content of phycobiliproteins, which has been proven that can effectively resist oxidative stress [51], increased when the thalli were treated at 30 °C for 12 h and longer, suggesting that phycobiliproteins were upregulated to alleviate oxidative damage in response to heat stress. Therefore, it can be speculated that the upregulation of phycobiliproteins in N. yezoensis in this study served as a part of the activated antioxidant system in response to high temperature stress. Furthermore, high temperatures led to a significant decrease in photosynthetic pigments Chl a and carotenoids over time, suggesting the destroyed photosynthetic system of the algae by sustained exposure to heat stress.



Heat stress has been reported to affect cell cycle progression. Synchronized Tobacco BY-2 cells were transiently arrested at G1/S or G2/M when exposed to heat stress (30 °C) at late/early G1 stage. Slowing down of cell cycle progression was associated with transient delays in expression of A-, B-, and D-type cyclins, such as Ntcyc29 (a cyclin B gene) and CycD3-1 [52]. In Chlamydomonas, there is only one type Cyclin (CYCB1); the cycb1-5 mutation (p. Glu325 > Lys) caused a strong temperature-sensitive lethal phenotype, and mutant cells were arrested after one round of replication and exhibited aberrant initiation of cytokinesis at approximately the same time that wild-type cells performed their first complete cell division at the restrictive temperature (33 °C) [34]. In this study, high temperature stress significantly affected the expression of Cyclin B, with short-term treatment upregulating its transcription (6 h) and protein level (12 h), while long-term treatment reduced its protein level (72 h, Figure 8). As is well known, CDK activity greatly depends on its association with Cyclin B; lower level of Cyclin B results in less activation of CDK, and thereafter arrest of cell cycle progression and inhibition of cell division. Therefore, long-term high temperature stress in this study may inhibit protoplast division of N. yezoensis (Table 1) by downregulating Cyclin B. However, high temperature can also lead to cell cycle arrest at high mitotic CDK activity as reported in Chlamydomonas reinhardtii, which decreased after transfer to normal culture temperature to complete nuclear and cell division, suggesting that blocking of processes at downstream of CDK rather than CDK itself mediates the cell cycle arrest at high temperature [31]. In this study, whether the upregulation of Cyclin B protein expression detected in the thalli after 12 h incubation at high temperatures (17 °C, 21 °C, 25 °C) promotes cell cycle progression requires further verification. Interestingly, some studies have shown that in Euglena it is possible to synchronize the division cycle and the growth cycle by heat shocks [53], and the inhibition of mitosis by repetitive heat treatment (34 °C and 35 °C) may be due to the irreversible denaturation of the enzyme system required for mitosis.



The cell cycle is a key part of plant growth and MAPKs have been shown to play a central role in the control of cell cycle. Studies have demonstrated the role of MAPKs in response to temperature stress [54]. In rice, temperature changes affected the transcription of OsMSRMK2 (a rice MAPK gene); high temperature (37 °C) treatment for 30 min significantly decreased its transcription, while treatment at 25 °C for 30 min significantly increased its transcription [55]. A total of 15 MAPKs have already been identified from N. yezoensis (PyMAPKs) [56], but their function analysis has not been studied. In this study, it was found that high temperature stress significantly inhibited the phosphorylation of ERK in the thalli of N. yezoensis at 48 h and the phosphorylation level decreased with the increase in temperature (Figure 9). This was similar to the study in Ulva rigida; where ERK phosphorylation increased at increased temperature (+4 °C over ambient conditions) at 24 h, but decreased significantly after 72 h [57]. Elevated cadmium levels can trigger a wide range of cellular responses in plants, including changes in auxin and cell cycle-related gene expression and MAPKs play important roles in the signaling responses to heavy metal stress, auxin, and cell cycle cue. It was found that the disruption of the MAPK signaling pathway by inhibitor PD98059 significantly inhibited the root growth of cadmium-stressed rice, and the expression of the cell cycle-related gene was negatively regulated by MAPKs [58]. Further study revealed that exposure to ERK inhibitor decreased the survival and division rates of protoplasts isolated from the thalli of N. yezoensis (Figure 10). These results indicate that the ERK signaling pathway might be involved in N. yezoensis’s response to different temperatures; high temperature stress inhibits ERK activation and thus negatively regulates the viability, cell growth, and division process by downstream targets of ERK, but the specific regulatory network remains to be further studied.
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Figure 1. The relative growth rates of N. yezoensis thalli at different temperatures. 
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Figure 2. Changes of pigment contents in N. yezoensis incubated at different temperatures. (a,b): the content of phycoerythrin and phycocyanin; (c,d): the content of Chl a and Car; 0 d represented incubation of the algae at different temperatures for 4 h. Data represent mean ± standard errors (n = 3). ** p < 0.01, *** p < 0.001, **** p < 0.0001, vs. 13 °C. 
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Figure 3. Enzymatic hydrolysis process of N. yezoensis and the isolated protoplasts (a–e): the enzymatic hydrolysis process enlarged the gaps between algal cells (scale bar = 20 μm); (f): single protoplast (scale bar = 10 μm). 
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Figure 4. Detection of protoplasts by Evans blue staining. Dead protoplasts or cell fragments were stained by Evans blue. The survival rate of protoplasts was determined after Evans blue staining. (a,c): Scale bar = 20 μm; (b,d): Scale bar = 10 μm. 
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Figure 5. Confirmation of cell wall regeneration by FB28 staining. After incubation for 2 days, protoplasts (a–c) were stained with FB 28. The presence of regenerated cell wall (in blue) was confirmed under UV florescence microscope (d–f). Scale bars = 20 μm. 
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Figure 6. Microscopic observation of protoplasts culture by hemocytometer. The red and brown cells were normal, and the green fragments were dead. The red arrows denoted the representative division cells (Scale bars = 100 μm). 
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Figure 7. The relative expression level of Cyclin B in N. yezoensis incubated at different temperatures. Data represent mean ± standard errors (n = 3). ** p < 0.01, **** p < 0.0001, vs. 13 °C. 
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Figure 8. The protein level of Cyclin B in N. yezoensis incubated at different temperatures: (a) the expression of Cyclin B increased with the increase in temperature at 12 h; (b) the expression of Cyclin B decreased with the increase in temperature at 72 h. Data represent mean ± standard errors (n = 3). ** p < 0.01, **** p < 0.0001, vs. 13 °C. 
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Figure 9. The phosphorylation of ERK decreased with an increase in temperature at 48 h. Data represent mean ± standard errors (n = 3). **** p < 0.0001, vs. 13 °C. 
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Figure 10. Effects of ERK inhibitor FR 180204 on the survival and division rates of protoplasts: (a) the changes of survival rates of protoplasts; (b) the changes of division rates of protoplasts. Data represent mean ± standard errors (n = 3). ** p < 0.01, *** p < 0.001, **** p < 0.0001, vs. without FR 180204. 
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Table 1. Survival rates and division rates of protoplasts incubated at different temperatures.
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Temperature

	
Survival Rates of Protoplasts

	
Division Rates of Protoplasts




	
2 Days

	
4 Days

	
6 Days

	
8 Days

	
10 Days

	
2 Days

	
4 Days

	
6 Days






	
13 °C

	
98% ± 2%

	
80% ± 1%

	
76% ± 1%

	
69% ± 1%

	
52% ± 2%

	
12% ± 1%

	
47% ± 1%

	
67% ± 1%




	
17 °C

	
98% ± 1%

	
76% ± 3%

	
70% ± 1%

	
63% ± 2%

	
49% ± 1%

	
9% ± 1%

	
34% ± 1%

	
51% ± 2%




	
21 °C

	
94% ± 2%

	
69% ± 1%

	
63% ± 1%

	
56% ± 1%

	
41% ± 1%

	
7%

	
23% ± 3%

	
34% ± 1%




	
25 °C

	
44% ± 1%

	
15% ± 1%

	
6% ± 3%

	
3% ± 1%

	
0

	
0

	
0

	
0
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