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Abstract

:

Neopyropia yezoensis is an economically important marine crop that can survive dehydrating conditions when nets are lifted from seawater. During this process, production of oxygen radicals and the resulting up-regulation of antioxidant enzymes mediated by the abscisic acid (ABA) signaling pathway played an important role. However, there were no reports about the significance regarding the protection of seaweed throughout the entire production season. Especially, in new aquatic farms in Shandong Province that were formed when traditional N. yezoensis cultivation moved north. Here, we determined the levels of ABA, hydrogen peroxide (H2O2), soluble protein, chlorophyll, and cell wall polysaccharides in samples collected at different harvest periods from Jimo aquatic farm, Shandong Province. The activities and expression of NADPH oxidase (NOX) and antioxidant enzymes in the corresponding samples were also determined. Combined with the monitoring data of sea surface temperature and solar light intensity, we proposed that the cultivation of N. yezoensis in Shandong Province was not affected by high-temperature stress. However, photoinhibition in N. yezoensis usually occurs at noon, especially in March. Both the activities and the expression of NOX and antioxidant enzymes were up-regulated continuously. It is reasonable to speculate that the reactive oxygen species (ROS) produced by NOX induced the up-regulation of antioxidant enzymes through the ABA signaling pathway. Although antioxidant enzymes play a pivotal role during the cultivation of N. yezoensis, the production of ROS also caused a shift in gene expression, accumulation of secondary metabolites, and even decreased the chlorophyll pool size, which eventually led to a decrease in algae assimilation. Accordingly, we suggest that the dehydration of N. yezoensis nets should be adopted when necessary and the extent of dehydration should be paid special consideration to avoid an excessive cellular response caused by ROS.
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1. Introduction


Reactive oxygen species (ROS), constituting the superoxide anion (O2−), singlet oxygen, hydroxyl radical (OH·), and hydrogen peroxide (H2O2), are byproducts of cellular metabolism [1,2]. They are highly reactive molecules and their accumulation is thought to be harmful to cellular components because of the potential oxidation to the biomacromolecules. ROS overproduction usually causes an imbalance of that cell redox state, termed as ‘oxidative stress’, which may result in cell death [1,2,3]. Fortunately, the levels of ROS are efficiently constrained by both enzymatic and non-enzymatic antioxidants [4] when the organisms were subjected to diverse biotic and abiotic stresses [2,3,4,5]. However, it is now widely accepted that ROS is also involved in a variety of fundamental plant processes, such as signals used for plant growth and development [5], response to environmental changes, and the modulation of gene expression.



Neopyropiayezoensis belongs to the Bangiaceae family, Bangiales order, Bangiophycidae class, Rhodophyceae phylum, Rhodophyta and is widely distributed on reefs in the coastal intertidal zone. As a typical ancient lineage of red algae, it has simple morphology with a monolayer cell structure that can survive periodical cycles of dehydration and rehydration [6]. At low tide, N. yezoensis is exposed to air and can lose as much as 90% of its cellular water [7]; however, its functional activities can completely recover when rehydrated. During the whole life history stage from autumn to the following spring, the algae are subjected to multiple environmental stresses, consisting of temperature shock, cold, salt, dehydration, and irradiance stresses [8,9,10]. This suggests that there must be some protective adaptation mechanisms in N. yezoensis that effectively avoids the damage caused by these extreme stress conditions. The protective mechanisms mainly include antioxidant reactions [11], peroxidation repair [12], and degradation of D1 protein in photosystem II reaction centers [13]. The results of our previous study suggested that multiple antioxidant enzymes and antioxidant molecules are vital to the survival of N. yezoensis in the extremely volatile environments of the intertidal zone [14]. Both the activity and the expression of specific antioxidases increased significantly after the addition of exogenous ABA to the algae when the algae are subjected to high salinity. Thus, it is proposed that the up-regulation of antioxidase genes under high salinity conditions may be mediated by the abscisic acid (ABA) signaling pathway. During the process, NADPH oxidase (NOX) may play an important role in the induction of the ABA signaling pathway.



Pyropia is cultivated mainly in China, Japan, and South Korea. According to the data from the Food and Agriculture Organization of the United Nations, the annual output of Chinese Pyropia from 2017 to 2020 has increased greatly. In Jiangsu Province of China, the production of N. yezoensis has become one of the pillar industries in local aquaculture [15]. With the expansion in the scale of production, Pyropia cultivation is currently facing many problems, including the degradation of sea areas, reduction caused by disease, and lack of germplasm resources. Moreover, global warming in recent years has led to a continual increase in seawater temperature. Affected by this, migration to the north coast of Shandong Province has gradually become a new trend in N. yezoensis cultivation.



During the daily management of cultivation, nets with algae are lifted from water regularly or irregularly so that algae bodies often experience stress from water loss, strong light irradiation, and temperature shock. This stress may cause a shift in cellular metabolism and thereby changes to cell compositions. Several reports analyzing the quality and nutrition of N. yezoensis at different harvest periods have been published. It was found that the content of protein in N. yezoensis gradually decreased with the extension of cultivation time [16]. Nutrient analysis of the algae at different harvest periods revealed that lysine, threonine, and valine gradually increased with the harvest period; the flavor amino acids increased also with the increase of the harvest period [17]. The fatty acid content in different harvest periods was the highest in February and similar in January and March. However, it is unclear what causes shifts in the metabolism and accumulation of cell components throughout the entire cultivation season. Whether the synthesis of ABA is inhibited with the aging of the seaweed, and whether the antioxidant enzyme activities are also affected, and thus led to the damage of algal cells, remains to be determined.




2. Materials and Methods


2.1. Observation of Sea Surface Temperature (SST) and Simulated Solar Light Intensity


SST was obtained from hourly observations at the Tianheng Ocean Station from 1 November 2020 to 31 March 2021. The data is subject to quality control such as format, range, continuity and correlation tests [18]. The daily averaged temperature was calculated from the hourly observed data.



Solar light intensity was obtained from the simulated solar short-wave radiation data in the Weather Research and Forecasting model [19]. The model included three domains: the East China Sea, Yellow and Bohai Seas, and coastal waters of Qingdao, with double nesting. The spatial resolution of Qingdao offshore was 3 km. The prediction process adopted Euler mass coordinates, Lambert projection mode, and 3 Runge-Kutta time integration schemes with a vertical direction of 30 σ layers. The initial field and lateral boundary conditions used in the model were global forecasting data with a time interval of 6 h (Global Forecasting System, horizontal resolution 1° × 1°) provided by the National Center for Environmental Prediction. The model used a WRF-3DVAR operational assimilation module to realize 24-h time-window assimilation of the upper air station, ground station, ship, ocean station, buoy, and satellite data. Thus, the initial field quality of the model was greatly improved. Hourly simulated solar short-wave radiation was the output. The maximum of each day was screened to obtain the daily maximum, while the change in the trend line of solar short-wave radiation was obtained by using two polynomial curve fitting methods.




2.2. Collection of Algae Materials


Fresh N. yezoensis thalli were provided by the algae culture farm in the Jimo area (36° N, 120° E), Shandong Province, China. From November 2020 to March 2021, the samples were collected once a month from the breeding nets in the stay-pole raft mode. All the cultivated samples collected were those that had been completely immersed for several days and were due to be harvested. The collected algae were put into the incubator and brought back to the laboratory as soon as possible. Then, the relatively intact and clean algae were washed with seawater, absorbed with paper, and frozen in 1.5 mL centrifuge tubes with liquid nitrogen. On average, each tube contained about 1 g of fresh algae, and a total of 10 tubes were collected each month. The packaged samples were stored at −80 °C for later use.




2.3. Determination of Soluble Protein, Chlorophyll, and Cell Wall Polysaccharides


All the samples (about 100 mg FW) collected at a different cultivation period were frozen in liquid nitrogen and ground by grinders (Jingxin Technology, Shanghai, China) in 2 mL grinding tubes. Equal amounts of PBS buffer (pH 7.4) were added sequentially and the algal homogenates were then centrifuged for 10 min at 12,000× g and 4 °C; the supernatant was collected and another round of extraction was performed. All the supernatants of each sample were combined as the soluble protein extracts. The remaining precipitates were added to a 1 mL volume of 80% acetone, fully vibrated and extracted overnight at −20 °C. Then, the extracts were centrifuged for 5 min and 12,000× g at 4 °C and the supernatants were collected for the quantification of chlorophyll.



The soluble protein concentration was determined according to the BCA method using spectrophotometry at 562 nm. The absorbance of the chlorophyll extracts at specified wavelengths was measured by a spectrophotometer (UV-1900, SHIMADZU, Suzhou, China) and the total chlorophyll was calculated based on the formula as follows [20]


CT = Chla + Chlb = 8.02 × OD663 + 20.21 × OD645











The homogenates of different cultivation periods were obtained as above and then centrifuged for 10 min at 12,000× g and 4 °C. The supernatant was discarded and the precipitates obtained were washed with distilled water two times and recovered by centrifugation for 10 min at 4 °C. The resultant precipitates were added to 0.5 M HCl for hydrolyzation for 2 h at 50 °C and incubated at room temperature overnight. Then, the same volume of 0.5 M NaOH was added to make cell wall hydrolysates appear alkaline. The determination was conducted using a microplate reader (Infinite® M1000 Pro, Tecan, Switzerland) at 500 nm following the manufacturer’s instructions. The absorbance values were used to calculate the reduced sugar contents in different samples using a standard curve of glucose.




2.4. Determination of ABA Content


The change of ABA content in N. yezoensis at different cultivation periods was determined by using a Plant Abscisic Acid Elisa Assay Kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) in a microplate reader (Infinite® M1000 Pro, Tecan, Switzerland). The absorbance value was negatively correlated with the concentration of ABA in the sample. As required by the instructions, about 100 mg of the FW sample was put into a 2.0 mL grinding tube. The supernatant for ABA detection was obtained by the same method as the protein extract above.



A volume of extract (50 μL) was added to the enzyme-labeled well precoated with capture antibody and biotinylated labeled antigen was added. The mixture was incubated for 30 min at 37 °C, washed with PBST, and then avidin-HRP, which can bind to biotin, was added and incubated for another 30 min at 37 °C, and washed with PBST again. The chromatin reaction was carried out for 10 min at 37 °C and scaled at 450 nm using a microplate reader (Infinite® M1000 Pro, Tecan, Switzerland).




2.5. Assay of Antioxidant Enzymes


The total antioxidant capacity and the activities of antioxidant enzymes ascorbate peroxidase (APX), superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) were measured using an assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The method for obtaining the crude protein extract was the same as above. The kit for the determination of NOX activity was provided by Suzhou KeMing Biotechnology and the sample processing and determination were carried out following the instructions.




2.6. RNA Extraction, cDNA Library Construction, and Real-Time PCR Assay


Total RNA of each sample was extracted using an RNAprep Pure Plant Kit (Tiangen, Beijing, China) according to the manufacturer’s instructions. The RNA integrity was checked by 1% agarose gel electrophoresis and the concentration and purity of the RNA were detected by using a NanoPhotometer NP80 Touch (Implen Gmbh, Munich, Germany). Then, 200 ng of RNA obtained from each sample was reverse transcribed using a Takara reverse transcriptase kit (Takara, Japan).



The sequences of antioxidant enzyme genes were screened, and the sequences were downloaded from NCBI, primers were designed (Table 1). The amplification conditions were optimized and a quantitative experiment was conducted on a StepOne Plus Multicolor Real-Time (ABI, Foster, CA, USA). The GAPDH gene was used as the internal control gene. Each reaction contained 10 μL 2 × SYBR Green Master Mix (Roche, Germany). Three parallel determinations were set for each sample and the relative gene expression values of the target enzymes in different months were calculated using the 2−∆∆Ct method [21].




2.7. Detection of H2O2, Malondialdehyde (MDA) and the Mycosporine-like Amino Acids Content


Corresponding detection kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) were used to determine the content of H2O2 and malondialdehyde (MDA) through spectrophotometry. The extraction steps referred to the descriptions detailed above. The protein concentration was determined by the BCA method as mentioned above. Hydrogen peroxide content was calculated by measuring the amount of complex produced by H2O2 in a molybdic acid reaction at 405 nm. The content of MDA could be calculated by measuring the absorbance of the reaction system at 530 nm.



The homogenates of different cultivation periods were obtained through grinding with liquid nitrogen and an appropriate volume of 2.4 M methanol solution were added, then fully mixed and extracted for 30 min at 60 °C and centrifuged at 12,000× g and 4 °C for 20 min. The supernatants were collected as much as possible and the absorbance value at 333 nm was determined. The relative contents of Mycosporine-like amino acids (MAAs) were calculated using the following formula [22].


CMAAs = A/(ε × Cpr)








where A is the absorbance value at 333 nm, ε is the extinction molar coefficient 4 mL cm−1mg−1, and Cpr is the protein concentration.




2.8. Statistical Analysis


All determinations were repeated three times and the data were presented as the average measurements ± SD. Statistical analysis was performed using SPSS 26.0 (https://www.ibm.com accessed on 30 September 2021, and significant difference was determined using Duncan’s test (p < 0.05).





3. Results


3.1. Variation in SST and Solar Light Intensity


As shown in Figure 1, the SST decreased gradually from early November to January 1, and the samples collected in November and December did not experience the effect of an abnormal temperature increase. Between 1 and 15 January, a large fluctuation of SST was recorded. Then, from mid-February to late March, the SST rose continuously from 4 °C to 10 °C. The SST was 12.5 °C when the sample was collected in November and was maintained at 4 °C during the collection of the samples in December and January. Then, the samples were collected when the SST was about 5 °C in February and increased to 10 °C in March. The hourly light intensity of the seawater surface during the same period is shown in Figure 2. The fitted light intensity curve showed that it fell slowly from November to the end of December, then continued to rise faster and faster to about 800 W m−2 at the end of March.



The points marked in the figure were the sampling date.




3.2. Changes to the Protein, Chlorophyll, and Cell Wall Polysaccharides under Different Cultivation Periods


As shown in Figure 3a, in the early stage of cultivation, the ratio of soluble protein content in algae weight can reach 16% and the total soluble protein contents decreased with the cultivation periods. During the middle stage of cultivation, it decreased to just above half of the original level. Then, the protein content decreased sharply from February to March, and was about 45% and 25% of that in November, respectively.



Overall, the chlorophyll content changes showed a trend similar to that of the soluble total protein of gradually decreasing. However, it decreased less than protein content during the entire cultivation period. In December and January, the chlorophyll content was maintained from 0.5 to 0.6 mg g−1 fresh algal weight, which was 75–85% of that in November. In the late stage of cultivation, the percentage of total chlorophyll in the algae was only about 35%.



In contrast to the variation of protein and chlorophyll, the content of cell wall hydrolytic polysaccharides increased with cultivation periods. The content of cell wall hydrolytic polysaccharides in March reached three times that of the first algae harvest. The most pronounced up-regulation was recorded in December and it was twice that in the previous November samples. After which the up-regulation trend slowed, with no significant difference between the March and February samples.




3.3. ABA Content of the Samples under the Different Cultivation Periods


The ABA content was about 10 ng g–1 protein in the algae collected from November to December (Figure 4), while the ABA content showed a sustained increase with the cultivation period in the following three months; the maximal value was twice the level found in November.




3.4. Changes to the Antioxidase Activities under Different Cultivation Periods


As shown in Figure 5a, the NOX activity presented relatively stable activity during the first three months of cultivation. On the contrary, it presented a visible increase from February to March. The total antioxidant capacity in the algae increased significantly in December compared with that in November. It maintained relative stability until January of the following year and was up-regulated obviously in February and this trend of increasing continued until the end of the cultivation season (Figure 5b). Both the activity of SOD and APX presented a continuous increase with the extension of cultivation time (Figure 5c,e). Notably, there were also two significant upregulations in December and February. The change of CAT activity throughout the cultivation periods showed a similar trend to that of SOD (Figure 5d). Specifically, except for a slight decrease in March, it remained at a relatively high level. As shown in Figure 5f, the significance of POD activity was relatively stable during different cultivation periods. There was only one obvious up-regulation that occurred in December.




3.5. Antioxidase Genes Expression Profiles Determined by qRT-PCR


Four crucial genes related to ROS production and scavenging were analyzed by qRT-PCR to study the expression profiles of the antioxidase system under different cultivation periods (Figure 6). The results showed that their expression levels were consistent with a continually increasing trend but there was an anomalous increase in January in NOX and APX. In addition, a small downregulation was detected in SOD and NOX in the December samples.




3.6. Variations in H2O2, MDA and MAAs Contents with the Cultivation Period


As shown in Figure 7, the H2O2 content and MDA content seemed to present opposite variations. The H2O2 level in the algae decreased gradually but increased compared with that in February, whereas the MDA content increased obviously in December and maintained a relatively high level until the end of the cultivation. Overall, these two parameters did not show any drastic fluctuations. However, the relative contents of MAAs presented a sustained up-regulation, except for the last sample of March.





4. Discussion


4.1. Sampling at Different Cultivation Periods


Neopyropia is believed to be a marine crop shaped by stress and the success of this alga is due, in part at least, to its high tolerance to stress [7]. During the cultivation process, the nets that harbor algae need to be lifted from the seawater according to the growth status and the degree of contamination by fouling organisms and sludge. By the dry-out treatment, attached materials, such as harmful green algae, diatoms, various epiphytes, and soil deposited on the algae, are cleared during rehydration. Meanwhile, the physiological state of Neopyropia is recovered rapidly. The most significant response of the algae to dehydration is the production of ROS, which may be accompanied by temperature shock, strong light, and osmotic stresses [23]. There are also a series of physiological responses including ABA synthesis, up-regulation of antioxidants, and regulation of gene expression. The purpose of this study was to focus on the profile of stress response throughout the cultivation season. Therefore, attention should be paid to avoid the abnormal changes of some stress responding values due to the occurrence of stress conditions. To this end, all the samples collected were from cultivations that had been completely immersed for several days and were about to be harvested. Thus, the effects of dehydration derived from daily management should be avoided as much as possible.



Throughout the cultivation season, temperatures dropped from 18 °C to near freezing slowly and remained below 4 °C for about three weeks from the end of December to mid-January (Figure 1). Fortunately, the samples in December were collected before the sharp temperature decline and the samples in January were collected after one week of maintenance at 4 °C. Moreover, an abnormal up-regulation in the content of ABA and the activities of antioxidases were not found. Therefore, it was shown that the samples were not subjected to obvious temperature shock; the data correctly reflected the trends in the variation of antioxidases with the cultivation time.




4.2. Antioxidant Enzymes Play an Important Role during Cultivation of N. yezoensis in Sea Areas


Throughout the cultivation season, antioxidant enzyme activities were continuously up-regulated with cultivation time. This might be related to the dehydration treatments, response to environmental stresses, and periodic harvesting during cultivation. During the cultivation season, the dry-out treatment of daily management inevitably led to environmental stresses and thus caused the gradual increase of antioxidant enzymes (Figure 5). As shown by the decreasing of H2O2 content (Figure 7a), the antioxidant enzymes play an important role during cultivation of N. yezoensis. On the other hand, the blades of N. yezoensis were cut off from the middle when harvested, leaving the base to continue growing. However, each harvest would result in mechanical damage and thus cause the accumulation of ROS, and subsequent stress response including up-regulation of antioxidases.



Another factor affecting the antioxidant enzymes activities to be considered is the seawater temperature. It dropped from 18 °C to near freezing and increased again during the followed spring, only reached 10 °C before the end of the cultivation. This indicated that the water temperature was maintained within the appropriate temperature range of N. yezoensis growth [24]. Thus, the seaweed cultivation was not affected by obvious high-temperature stress. The distinct up-regulation of gene expression in NOX and APX (Figure 6) in January might be related to the low temperatures stress endured by the algae. While the light intensity records (Figure 2) showed that the photoinhibition in N. yezoensis usually occurred at noon in the Jimo aquatic farm [25]. Especially in March, the daily light intensity might seriously affect the photosynthesis of N. yezoensis and result in the accumulation of ROS. Even so, the MDA contents did not show obvious up-regulation compared with those in other months. This implied that ROS in the cell was strictly controlled by the anti-oxidation system and which illustrated the importance of antioxidant enzymes.




4.3. The Up-Regulation of Antioxidant Enzymes May Be Regulated by ABA Signaling Pathway


Neopyropia yezoensis is a typical intertidal Rhodophyta and is believed to possess ancestral features of primary photosynthetic eukaryotes [26]. Based on the analysis of results from liquid chromatography-mass spectrometry and EST information, Mikami et al. (2016) strongly suggested that ABA in N. yezoensis is synthesized via pathways similar to the indirect pathway in terrestrial plants. As the results obtained here, ABA content increases with the cultivation period (Figure 4). With regards to the protection mechanism of ABA against photosynthesis systems, earlier studies showed that ABA could promote the repair of the PS II complex inactivation in Chlamydomonas reinhardtii (Chlorophyta) under low-temperature stress [27]. Other studies suggest that ABA may protect the photosynthetic system from ROS damage in C. reinhardtii [28] rather than directly improving photosynthetic activity. The effects of ABA on the induction of antioxidant responses in Pyropia orbicularis (Rhodophyta) have been evaluated and the results showed that the activation of antioxidant enzymes genes was regulated by ABA during desiccation [29]. Additionally, ABA could significantly increase the expression of SOD, CAT, GR, APX, MDAR, and GST in Platycladus orientalis (Spermatophyta) during H2O2 treatment [30]. Our previous studies showed that the inhibition of ABA synthesis significantly decreased Fv/Fm under hypersaline conditions and this was counteracted with the application of exogenous ABA [31]. Based on gene structure and enzymatic activity results, the analysis from an evolutionary perspective revealed that there exists a kind of prototype ABA signaling pathway in the induction of antioxidases genes in N. yezoensis [31]. In fact, there was a positive correlation between the antioxidant enzyme activities (Figure 5) and the ABA contents (Figure 4). Taken together, the results imply an ABA-mediated up-regulation of antioxidase genes in N. yezoensis.




4.4. Up-Regulation of Antioxidases Is Associated with the Accumulation of ROS Produced by NOX


NADPH oxidase is a type of plasma membrane protein that transfers electrons from cytosolic NADPH/NADH to apoplastic oxygen leading to the production of O2−, which is believed to be the main ROS source when plants are subjected to stress [32]. Presently, numerous results have shown that the up-regulation of ABA increased drought and salt tolerance which was associated with H2O2 production via NOX [33]. It has been reported that when the NOX gene is disrupted, the ABA signaling pathway became impaired in mutant Arabidopsis (Magnoliophyta), whereas the physiological response could be rescued with the addition of exogenous ABA or H2O2 [34]. Researchers have identified two NADPH oxidase catalytic subunit genes that function in ABA-induced ROS production in Arabidopsis [34]. This is consistent with a previous finding that ABA accumulation in the leaves of maize triggers the increased generation of ROS by NOX, which, in turn, leads to the up-regulation of the antioxidant defense system through the ABA signaling pathway [35]. We also identified two NOX transcripts with up-regulated expression when the samples were subjected to high salinity stress [31]. Here, a marked up-regulation of the NOX activity from February to March meant that the O2− content mediated by it would be up-regulated; this could cause an increase in antioxidase activities (Figure 5). Meanwhile, the ABA content (Figure 4) and the total antioxidant capacity (Figure 5b) showed a trend consistent with changes in NOX activity. Thus, as suggested in other species, NOX-mediated ROS production was involved in the ABA signaling pathway in N. yezoensis.




4.5. Accumulation of ROS May Lead to Adjustment of Multiple Metabolic Pathways


Besides the up-regulation of the antioxidase system caused by excessive ROS accumulation, ROS produced by NOX are well known as an important signal for plant growth, seed germination, development, cell wall formation, and other metabolic pathways due to their membrane-permeable characteristics [5]. Using an antisense technique to downregulate NOX activity in tomato plants, it was found that redox-related metabolisms shifted and multiple effects on plant development were recorded [36]. NOX mutants in Arabidopsis [37] and barley [38] display impaired plant growth. The ROS produced by NOX were believed to be involved in the growth of fucoid brown algal zygotes [39]. Moreover, the fundamental process of cell elongation was found to be required for appropriate spatiotemporal control of ROS production by NOX [40].



ROS bursts mediated by NOX usually present a rapid response; the amplitude, frequency, localization, and duration determine the specificity of the signaling pathway involved [40]. Indeed, the H2O2 burst was most likely to be an early response and participate in a wide range of signal transduction pathways under stress conditions [5]. Three principal modes of regulation in gene expression by ROS are advocated. First, a ROS sensor was activated and regulated the expression of the target genes. Second, the components of pathways were directly oxidized by ROS and altered gene expression profiles. Finally, some transcription factors might be modified by ROS and this induces the inhibition or expression of target genes via the interaction of transcription factors with the cis-elements in the promoters [41]. Microarray analysis revealed that potential H2O2-responsive cis-elements existed in Arabidopsis [42], which is in line with the proposed role of H2O2 as a ubiquitous signal molecule during the oxidative stress response. A recent study indicated that H2O2 functions as a second messenger in tomato plants and regulated the systemic expression of various genes [43]. It is tempting to speculate that the emergence of ROS did not alter the expression or metabolism of certain genes in N. yezoensis. Although, how a particular set of genes can be regulated downstream has yet to be elucidated.




4.6. ROS Accelerated Cell Aging


Accumulation of ROS causes oxidative damage in a variety of macromolecules and leads to a progressive loss in the functional efficiency of various cellular processes [44]. With high-resolution two-dimensional gel electrophoresis coupled with immunoblotting of the carbonylation protein, a protein oxidation marker, researchers have found that accumulated ROS can accelerate the oxidation of proteins and thus cause impairment of mitochondrial function [45]. Additionally, during the development of the whole life cycle of cells, the time-dependent loss or corruption of information in DNA had been related to the formation of ROS with the aging of cells [46]. The O2− produced by plasma NOX can be converted to H2O2 by SOD in apoplasts. Hydrogen peroxide can then be converted to OH· under the presence of transition metals such as Cu2+ or Fe2+ [47,48]. There was convincing evidence that OH· was the most reactive ROS and interacted directly with most target biomolecules [48]. Dehydration causes a burst of ROS and, despite tight control by the anti-oxidation system, ROS produced by NOX may still cause damage to biomolecules. The long-term accumulation of these injuries leads to cell aging unavoidably in N. yezoensis. In the spring, when the temperature gradually rose and the light intensity increased, the aging of N. yezoensis cells seemed to be accelerated. Although the specific mechanisms were not reported, we had reason to believe that there is a connection between light intensity and the accumulation of stress damage by ROS.




4.7. Accumulation of ROS May Also Result in the Synthesis of Stress-Related Molecules


In the long-term evolution process, plants have formed precision signal regulation mechanisms to achieve normal growth and enhance their stress tolerance or defensive ability [49]. It has also been found that the accumulation of proline plays an important role in the high salinity stress response and D1-pyrroline-5-carboxylate synthetase was a key biosynthesis enzyme. More importantly, the expression of this key enzyme was regulated by ROS [50]. For example, studies have suggested that N. yezoensis growing in the high tide area with higher content of proline have strong water loss resistance, while those in the middle and low tide area are more sensitive to dehydration [51]. This implied that the accumulation of proline was induced by ROS in N. yezoensis.



Mycosporine-like amino acids (MAAs), are usually regarded as UV absorbing substances, which can alleviate damage to the photosynthetic system. As shown in Figure 7c, the MAAs relative contents increased with the cultivation periods. This illustrated that the algae cultivated in Jimo aquatic farm suffered from the irradiance stress increasingly, which caused an adjustment of the metabolism in N. yezoensis. MAAs were also involved in the regulation of osmotic stress in marine algae [52]. Similar results are reported in cyanobacteria [53]. MAAs decreased with the extension of submergence time in Py. haitanensis and daily dehydration treatment could maintain the level [54]. The blades with a high MAA content have a stronger ability to endure both water loss and UVR radiation stress [55].




4.8. Stress Conditions Enhanced the Synthesis of the Cell Wall


In marine red macrophytes, the cell wall is a complex tightly integrated with proteins, proteoglycans, and polysaccharides mainly composed of agars, water-soluble sulfate galactose, and carrageenans [56]. As reported previously, porphyrin, which is related to agarose because it contains disaccharide units, might act as a cushion against stress [57] due to the high 3,6-anhydro galactose content usually leads to thicker solutions and greater tendencies to form gels [58]. It was reported that polysaccharide content varied greatly in different seasons and growth conditions [59]. Moreover, the algae samples with the greater exposure contained higher 3,6-anhydro galactose [58]. Another study advocated that the sulfated polysaccharide cell-wall complex protects algal cells from the extreme environmental conditions of the native habitat [60]. Under stress conditions when photosynthesis is limited, red microalgae Porphyridium sp. Synthesized more sulfated polysaccharides [61]. During dehydration, N. yezoensis cells are exposed to air and subjected to different stress conditions, including dehydration, temperature shock, and high solar radiation. Therefore, the dehydration treatment during cultivation significantly promotes the synthesis of cell wall contents in the algae. This was the reason that the algae harvested in the late stage were hardier.



The frequency and intensity of dehydration might determine the structure of the cell wall. Additional studies in Neopyropia leucostricta (formerly Porphyra leucostricta) demonstrated that variations in porphyrin structure might be due to the lack of protoplasmic components in wall preparations or culture conditions and maturity [62]. It was also found that high light reduced the amounts of thylakoids and produced negative effects on the synthesis of chlorophyll in chloroplasts [63]. During the spring, the light intensity gradually increased (Figure 2), which inevitably caused a decrease in the amounts of thylakoids and chlorophyll (Figure 3b). In conclusion, the gradual enhancement of light intensity in the later stage leads to the reduction of chlorophyll, reduced protein accumulation, and up-regulated cell wall formation by sulfated polysaccharide synthesis.




4.9. Potential Factors of ROS Induction and the Influences on N. yezoensis Cultivated in the Sea


During one harvest cycle of N. yezoensis from autumn to the following spring, the algae suffer multiple environmental stresses, consists of temperature shock, cold, salt, dehydration and irradiance stresses. In addition, the regular or irregular dehydration treatment of the nets also made the algae bodies experience stress from water loss. The periodically harvesting during cultivation also causes mechanical damage to algal bodies. All these factors will cause the accumulation of ROS.



Although antioxidant enzymes protect cells from death or collapse during the entire cultivation season, the shift of gene expression during metabolism adjustment, up-regulation of polysaccharides that constitute the cell wall, stress-related molecules like MAA and proline, and even the aging of cells in N. yezoensis, are believed to occur due to the induction of ROS. The strong radiation decreased the level of chlorophyll content (Figure 3b) and eventually led to lower carbon assimilation and a reduction of NAD(P)H. Synthesis of molecules related to the stress response consumed large amounts of metabolic intermediates and energy, eventually resulting in reduced protein synthesis, just as was determined here (Figure 3a).



To sum up, the induction of ROS and the up-regulation of antioxidant enzymes through the ABA signaling pathway played a pivotal role in regulating the multiple stress response mechanism, and the dehydration treatment of nets harboring N. yezoensis, which are widely used in cultivation, are therefore a double-edged sword. The appropriate treatment can remove the attached epiphytes and promote the antioxidant ability in N. yezoensis cells. However, excessive dehydration can promote the aging of algae bodies and decrease the quality of N. yezoensis.





5. Conclusions


Antioxidant enzymes played a pivotal role during the cultivation of N. yezoensis. Both the expression and the activities were up-regulated during the process of cultivation. During the entire cultivation season in Jimo sea area, the seawater temperature did not constitute a major environmental stress to N. yezoensis. However, irradiation was believed to cause photoinhibition at noon, especially in March. Even under the most stressed conditions, the content of H2O2 and MDA was restricted to a relatively low level due to the continual up-regulation of antioxidases. However, all stress responses were accompanied by inevitable ROS accumulation that was also involved in the regulation of gene expression during metabolism adjustment, up-regulation of cell wall polysaccharides and stress-related molecules like MAA and proline and in the aging of cells. In other words, to delay the maturity and aging of N. yezoensis cells, the production of ROS should be avoided as much as possible. Thus, it is proposed that the dry-out treatment of the N. yezoensis nets should be adopted when necessary and the extent of dehydration should be paid special consideration to prevent an excessive response or aging of cells caused by ROS. Moreover, we suggest that in N. yezoensis cultivated in the north Shandong coastal area, the cultivation raft with N. yezoensis should be lowered according to the irradiation conditions in spring to avoid an excessive stress response in cells caused by ROS.
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Figure 1. Variation of the sea surface temperature from November 2020 to March 2021 in Jimo sea area. 
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Figure 2. The hourly solar light intensity from November 2020 to March 2021 in Jimo sea area. The solar light intensity values were obtained from the simulated solar short-wave radiation data. The points marked in the figure were the sampling date. 
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Figure 3. Quantity analysis of N. yezoensis samples at different harvest periods. (a) Total soluble protein content; (b) ChlorophyⅡ content; (c) Cell wall hydrolyzed polysaccharides. Data were Mean ± SD (n = 3). Different letters indicated significant differences (p < 0.05). 
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Figure 4. ABA content of N. yezoensis in different samples. Data were Mean ± SD (n = 3). Different letters indicated significant differences (p < 0.05). 
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Figure 5. Changes of certain antioxidant enzymes in N. yezoensis collected from different cultivation periods. (a) NADH oxidase (NOX); (b) Total antioxidant capacity (T-AOC); (c) Superoxide dismutase (SOD); (d) Catalase (CAT); (e). Ascorbate peroxidase (APX); (f) Peroxidases (POD). Data were Mean ± SD (n = 3). Different letters indicated significant differences (p < 0.05). 
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Figure 6. Expression of antioxidant enzyme genes in N. yezoensis collected from different cultivation periods. (a) NADH oxidase (NOX), (b) Superoxide dismutase (SOD), (c) Catalase (CAT), (d) Ascorbate peroxidase (APX). Data were Mean ± SD (n = 3). Different letters indicated significant differences (p < 0.05). 
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Figure 7. Variations of H2O2 and MDA in N. yezoensis collected from different cultivation periods. (a) H2O2 content, (b) MDA content, (c) Relative contents of MAAs. Data were Mean ± SD (n = 3). Different letters indicated significant differences (p < 0.05). 
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Table 1. Information about the genes and primers used in this study.
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	Gene Name
	Gene Introduction
	Primer Sequence 5′-3′
	Product Length





	GAPDH
	glyceraldehyde-3-phosphate dehydrogenase
	CCAACAAGTGGGAGTAAGCG

GGACAGAACCGAACAGCGTA
	104



	SOD
	Superoxide dismutase
	GGCTGCCTGCCTTTGACA

CTCGTAGGTGCTCCGTTG
	438



	APX
	Ascorbate peroxidase
	AGATTATGAAGGAGACGC

AAAAGAATGGACAGGAAG
	372



	NOX
	NADPH oxidase
	GAGCACCCCCCTGTCCATC

GGCGAGCACAAATCCCGTC
	167



	CAT
	Catalase
	CCCTCTCTGCCCTTCACA

CTTCCCGTAGCCGTCCTC
	192
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