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The increase in UV-B radiation at the Earth’s surface due to the depletion of the stratospheric ozone layer is a notable facet of contemporary climate change patterns. The macroalgae inhabiting the intertidal zone exhibit a diverse array of adaptive strategies to cope with dramatic environmental changes. In this study, we integrated physiological, transcriptomic and metabolomic data from energy metabolism perspective to elucidate the responses and recovery mechanism of N. haitanensis to UV-B radiation exposure. UV-B radiation has a harmful impact on the photosynthetic performance of N. haitanensis. However, an increase in photosynthetic performance and upregulated expression of genes related to photosynthesis were observed during recovery, suggesting that the effect of UV-B on N. haitanensis was dynamic photoinhibition. Recovery experiments revealed that most genes and metabolites related to glycolysis were significantly upregulated, suggesting that glycolysis was activated to promote energy production. In addition, the TCA cycle was also activated, as evidenced by the increase in key substances and the upregulated expression of key enzyme-encoding genes during recovery. Correspondingly, ATP was also abundantly accumulated. These results suggested that the TCA cycle provided ATP for N. haitanensis to repair UV-B damage. Meanwhile, amino acid metabolism was enhanced during recovery as a source of intermediates for the TCA cycle. Therefore, photosynthesis, glycolysis, the TCA cycle, and amino acid metabolism synergistically cooperate to provide material and energy for recovery after UV-B radiation. This study is important for understanding the adaptive strategies of intertidal macroalgae in response to UV-B radiation.
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1 Introduction

As industrialization accelerates, the excessive release of ozone-depleting substances such as chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs) and nitrous oxide (N2O) destroys the stratospheric ozone layer (Lee et al., 2021). Due to the decrease in ozone concentration, additional UV-B radiation (280–315 nm) can penetrate the stratosphere and reach the Earth’s surface (Torres et al., 2019). Various ecological disruptions, such as changes in plant growth and distribution, changes in animal behavior and reduced agricultural productivity, can result from the increase in the intensity and dose of UV-B radiation (Liaqat et al., 2023). UV-B concentrations are expected to continue to increase by 1.3% per decade after 2050, according to current UV radiation prediction models (Soni et al., 2022). In addition, UV-B radiation can penetrate water and reach depths of 20-30 m (Dahms and Lee, 2010). This means that even when submerged, organisms can still be exposed to harmful UV-B radiation in both marine and freshwater environments (Zhao et al., 2021).

The capacity of organisms to regulate UV-B radiation stress has a certain threshold; when this threshold is exceeded, plant growth and development are negatively affected (Wu et al., 2023). Previous studies have shown that excessive or high-intensity UV-B radiation causes physiological and biochemical damage to plants (Rai and Agrawal, 2017). UV-B radiation leads to reduced photosynthetic efficiency, the inactivation of photosystem II, downregulation of photosynthesis-related gene expression, and altered carbon and nitrogen metabolism (Thakur et al., 2023). To defend against the negative effects of UV-B radiation stress, plants have evolved various adaptative and repair mechanisms, which can play crucial roles in balancing growth and stress responses. These adaptations manifest themselves in terms of changes in plant morphology, physiological characteristics (Yang et al., 2004, 2005), biochemical parameters (Kumari et al., 2010; Tripathi et al., 2011) and gene expression levels (Ekhtari et al., 2019). For example, in order to cope with UV-B stress, plants produce protective compounds that remodel the metabolism pathway to serve the energy demand under stress (Sun Y et al., 2022). Plants have developed several mechanisms to cope with UV-B-induced damage, including photoreactivation, nucleotide and base excision, and repair through recombination (Apoorva et al., 2021). Recent studies have underscored the significance of energy metabolic pathways, such as glycolysis, in plant stress resistance (Zhang et al., 2023). Evidence has demonstrated that critical genes associated with glycolysis are up-regulated in response to cold stress, facilitating energy generation to enhance plant resistance under environmental stress (Zhang et al., 2023). However, the response of energy metabolism to UV-B radiation is currently still unclear.

As sessile organisms, intertidal macroalgae passively adapt to changing conditions and are always exposed to UV-B radiation (Takshak and Agrawal, 2019; Xue et al., 2022). Neoporphyra haitanensis (Bangiales, Rhodophyta), which lives in the intertidal zone, is one of the most important economic algae in China (He et al., 2017). N. haitanensis has the highest annual production of all nori species and is widely consumed as a food in Asian countries (Yang et al., 2018). Significantly, N. haitanensis exhibits substantial stress tolerance which has attracted a lot of attention from researchers (Blouin et al., 2011). Routine tidal turning periodically exposes it to the air, and it inevitably experiences the drastic changes in environmental factors such as UV-B radiation, osmotic pressure and temperature (Cao et al., 2020). At low tide during the day, N. haitanensis is directly exposed to high levels of UV-B radiation. Especially in the context of global change, enhanced UV-B radiation may be potentially harmful to N. haitanensis. Additionally, with the large number of reports on the N. haitanensis genome and its response to intertidal adversity (Cao et al., 2020), this species has attracted considerable research interest as a genetic and physiological model for analyzing the stress resistance of intertidal red seaweeds.

In our previous work, we explored the changes in photosynthetic performance, key physiological processes, and metabolic substances in N. haitanensis under different UV-B intensities and preliminarily found that enhanced UV-B radiation affects key physiological and metabolic processes and causes damage to N. haitanensis (Fu et al., 2021; Xue et al., 2022). Here, we carried out further research to systematically analyze the physiological, metabolic and gene expression changes in N. haitanensis under UV-B radiation, especially during recovery from the perspective of energy metabolism. The aims of this study were to (1) evaluate changes in the photosynthetic physiology of N. haitanensis after UV-B radiation and during recovery; (2) characterize the DEGs in energy metabolism in N. haitanensis after UV-B radiation and during recovery using transcriptomics; and (3) analyze the response characteristics of key metabolic pathways associated with energy metabolism in N. haitanensis after UV-B radiation and during recovery using targeted metabolomics. This study is of great significance in revealing the adaptation strategies of intertidal macroalgae to UV-B radiation.




2 Materials and methods



2.1 Materials and culture conditions for algae

Thalli of N. haitanensis were collected in December 2021 from artificial seaweed farming in Qidong (121.66°E, 31.8°N), Jiangsu Province, China. After collection, the intact algae were washed thoroughly with natural seawater to remove sediment and other debris attached to the surface of the algae. The samples were spread flat and dried in the shade to a moisture content of 10-15% and stored at 20°C until culture to ensure that biological activity was retained. Thalli were precultured prior to the start of the experiment. Thalli were gently rinsed with sterilized seawater to prevent microbial contamination and then precultured in the same way as in previous experiments (Xue et al., 2022). The preculture conditions were as follows: Provasoli enrichment solution medium (PES) in aerated seawater at 20 ± 0.5°C for 72 h. The photosynthetically active radiation intensity was 50 μmol photons·m-2·s-1 (PAR), and the photoperiod was 12 L:12 D. The seawater was changed once a day.




2.2 UV-B treatments

After preculturing, similarly shaped healthy thalli were transferred to square plastic plates containing 300 ml of culture seawater. To prevent interference from UV-C radiation, UV-B lamps (Philips, TL 40 W/12 RS, Hamburg, Germany) wrapped in cellulose diacetate film were used. The radiation level was measured using a radiometer equipped with a UV-B sensor (UV-B 297, Beijing Normal University, China). The temperature and light conditions were identical to those used for preculture.

The UV-B radiation intensity was measured with a UV-B radiometer (Photoelectric Instrument Factory of Beijing Normal University, China) by adjusting the distance between UV-B lamps and the thalli. Based on our previous work (Fu et al., 2021; Xue et al., 2022), 0 W·m-2 UV-B was set as control and the treatment groups include UV-B radiation groups (0.5 and 1 W·m-2 UV-B) and recovery after UV-B radiation groups (deprivation of 0.5 and 1 W·m-2 UV-B radiation).




2.3 Analysis of photosynthetic physiology

The thalli samples from different treatments were selected for photosynthetic physiological analyses with three replicates per group. Thalli were subjected to 0 W·m-2 UV-B radiation, 0.5 W·m-2 UV-B radiation, and 1 W·m-2 UV-B radiation for 4 h, followed by recovery after deprivation of the UV-B radiation, with a recovery of 24 h for continuous monitoring. Chlorophyll fluorescence measurements were conducted before UV-B radiation, during UV-B radiation and recovery using an Imaging-PAM (Walz, Germany). Three replicate samples were taken from each group. Samples were collected, allowed to adapt to the dark for 30 min on water in a square dish and transferred to Imaging-PAM. The manufacturer’s software, Imaging WinGigE, was used to implement the preprogrammed settings for actinic light duration, dark periods and saturation pulse. Minimal fluorescence (Fo) was measured under a 0.15 μmol photons·m-2·s-1 weak pulse of modulating light, and maximal fluorescence (Fm) was obtained after a saturating pulse of 0.6 s at 4000 μmol m-2·s-1. The maximal PSII quantum yield was calculated using the following equation: Fv/Fm = (Fm−Fo)/Fm, where Fm is the maximum fluorescence yield of PSII after a saturating light pulse and Fo is the baseline fluorescence of dark-adapted algae. In addition, the effective PSII quantum yield (Y(II)), the regulated nonphotochemical quantum yield (Y(NPQ)) and the nonregulated nonphotochemical quantum yield (Y(NO)) were determined; these three parameters are associated with photosynthetic activity. These parameters were calculated as follows: Y(II)=(Fm’-F)/Fm’, Y(NPQ)=1-Y(II)-1/(NPQ+1+qL(Fm/Fo-1)), and Y(NO)=1/(NPQ+1+qL(Fm/Fo-1)), where F represents the fluorescence yield, Fm’ is the maximum fluorescence yield, and qL is the coefficient of photochemical quenching. By analyzing these parameters, we were able to compare the precise photosynthetic performance. The corresponding photosynthetic parameters were obtained directly using Imaging WinGigE software, facilitating a detailed and accurate analysis.

Rapid light curves (RLCs) were used to measure the electron transfer rate (ETR) with increasing light intensity. Nine incremental steps of increasing levels of actinic light generated by the Imaging-PAM were used to irradiate the algae to obtain RLCs. Finally, the RLCs were refitted using the modified nonlinear function published by Platt et al. (1980). The relative maximum electron transport rate (rETRmax), the theoretical maximum light utilization coefficient (α) and the light saturation coefficient (Ik) were calculated by refitting the RLCs.




2.4 Transcriptome analysis and data processing

Thalli treated with 0 W·m-2 UV-B radiation (C), 0.5 and 1 W·m-2 UV-B radiation for 4 h (0.5U and 1U) and recovery for 18 h (0.5R and 1R) were selected for transcriptomics analysis. Total RNA was extracted from N. haitanensis using TRIzol reagent according to the manufacturer’s instructions. For transcriptomic analysis, three replicate samples were taken from each group. RNA degradation and contamination were monitored on 1% agarose gels. An RNA Nano 6000 assay kit from the Bioanalyzer 2100 system (Agilent Technologies, CA, USA) was used to assess RNA integrity.

The clean reads were obtained by filtering the raw data, checking the sequencing error rate and checking the GC content distribution; then, the reads were aligned to the N. haitanensis reference genome (https://www.ncbi.nlm.nih.gov/datasets/genome/GCA_008729055.1/). The reads were mapped to the reference genome using HISAT2 (http://www.ccb.jhu.edu/software/hisat/, 2.1.0). The reads per kilobase of exons per million fragments mapped (FPKM) values were used to express the gene expression values and the calculation of FPKM was performed using featureCounts (http://subread.sourceforge.net, 1.6.1). Analysis of differential expression was performed using the DE Seq package (http://www.bioconductor.org/packages/release/bioc/html/DESeq2.html, 1.22.1) (FDR<0.05 and |log2Fold Change|≥1). Significantly enriched biological pathways were identified with a P value≤ 0.05 via KEGG analyses of DEGs (https://www.genome.jp/kegg, version 2017.08).




2.5 Extraction of metabolites and analysis by LC–MS/MS

Thalli treated with 0 W·m-2 UV-B radiation (C), 0.5 and 1 W·m-2 UV-B radiation for 4 h (0.5U and 1U) and recovery for 18 h (0.5R and 1R) were selected for metabolomics analysis. To further measure the changes in energy metabolites, we collected three replicate samples from each treatment group for liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis, and 50 mg ( ± 2.5 mg) of each replicate was used to extract metabolites. The samples were mixed with alcohol or water, and after 2 centrifugations, 200 μL of the supernatant was transferred to a protein precipitation plate for LC–MS/MS analysis.

The metabolites in the samples were analyzed quantitatively and qualitatively using the self-built MetWare database (MWDB) (MetWare Company, Wuhan, China) and multiple reaction monitoring (MRM). The differentially abundant metabolites were identified according to the criteria of VIP > 1 and P value < 0.05.




2.6 Statistical processing

The line graphs and column charts were generated with GraphPad Prism 9. The RLCs were refitted using the modified nonlinear function published by Platt et al. (1980) with GraphPad Prism 9. The bubble diagrams and principal component analysis (PCA) plots used in omics analysis were generated using the R package ggplot2 (Version 4.3.1), and the heatmaps were produced by the R package pheatmaps (Version 4.3.1).





3 Results



3.1 Changes in the photosynthetic performance of N. haitanensis after UV-B radiation and during recovery

To investigate the effects of UV-B radiation on the photodamage and the ability of the photosynthetic system in N. haitanensis to recover, the changes in the chlorophyll fluorescence parameters of N. haitanensis were determined after UV-B radiation and recovery (Figure 1). Compared with those in the control group, the Fv/Fm values in the UV-B radiation-treated groups decreased continuously with increasing radiation time—by 25.80% after 4 h of 0.5 W·m-2 UV-B radiation treatment and by 47.17% after 4 h of 1 W·m-2 UV-B radiation treatment. After 24 h of recovery, all the thalli of N. haitanensis in the radiation-treated groups had recovered to different extents, with the 0.5 W·m-2 UV-B radiation treatment group recovering 77.43% of the initial level and the 1 W·m-2 UV-B radiation treatment group recovering 70.95% of the initial level (Figure 1A). The change in Y(II) was similar to that in Fv/Fm; with increasing UV-B radiation time, there was a different degree of decline in each radiation treatment group, and the Y(II) value in each radiation treatment group increased significantly after recovery (Figure 1B). Notably, the Y(II) values in the 0.5 W·m-2 UV-B radiation treatment group and the 1 W·m-2 UV-B radiation treatment group peaked after 18 h of recovery to 85.82% and 67.40%, respectively, of the initial values. After UV-B radiation or during recovery, there was no significant change in Y(NO), and Y(NPQ) increased first and then decreased during recovery (Figures 1C, D).




Figure 1 | Changes in the photosynthetic activity of Neoporphyra haitanensis after UV-B radiation and during recovery. (A) Variations in the maximal PSII quantum yield (Fv/Fm). (B) Variations in the effective PSII quantum yield (Y(II)). (C) Variations in the quantum yield of regulated energy dissipation (Y(NPQ)). (D) Variations in the quantum yield of nonregulated energy dissipation (Y(NO)).



The RLCs were measured to further investigate the electron transport rate of PSII under UV-B radiation (Figure 2). Three parameters related to electron transfer were evaluated (Supplementary Table 1). Compared with that in the control group, α decreased by 53.33% after 4 h of 1 W·m-2 UV-B radiation, and after 18 h of recovery, α recovered to 77.70% of the initial value. Under both 0.5 W·m-2 and 1 W·m-2UV-B irradiation, both the rETRmax and IK decreased significantly; however, the rETRmax and IK recovered to 82.30% and 89.53% of the initial level after 18 h of recovery in the 0.5U group, and 33.06% and 42.55% of the initial level in the 1U group, respectively. In summary, the decrease in the electron transfer rate of N. haitanensis was more obvious in the 1 W·m-2 UV-B radiation group than in the control group, but after 18 h of recovery, there were different degrees of recovery in each group, and the recovery was more obvious in the 0.5 W·m-2 UV-B radiation group.




Figure 2 | Changes in the rapid light curves (RLCs) of Neoporphyra haitanensis after UV-B radiation and during recovery. (A) RLCs without UV-B radiation. (B) RLCs after 4 h of UV-B radiation. (C) RLCs after 4 h of UV-B radiation and 18 h of recovery.






3.2 Global analysis of dynamic changes in N. haitanensis after UV-B radiation and during recovery via transcriptomics

To explore the mechanism underlying the recovery of N. haitanensis after UV-B radiation, samples of N. haitanensis treated by different conditions were collected for transcriptome analysis. After removing the low-quality reads, a total of 112.35 G of clean reads were obtained from 15 samples. The percentages of Q30 and GC were 87.98%–90.17% and 67.54–69.62%, respectively, indicating that the quality of the transcriptome sequencing data was high (Supplementary Table 2). PCA revealed significant differences before and after UV-B radiation and recovery, with good repeatability within groups (Figure 3A). Interestingly, at both 0.5U and 1U, there were more genes with upregulated expression than genes with downregulated expression in N. haitanensis after UV-B radiation compared to controls, and there were slightly more genes with downregulated expression than genes with upregulated expression during recovery (Figure 3B). These results indicated that there were significant changes in gene expression in N. haitanensis after UV-B radiation and during recovery.




Figure 3 | Transcriptomic analysis of Neoporphyra haitanensis after UV-B radiation and during recovery. (A) Principal component analysis (PCA) plot of transcriptome data obtained from samples with different levels of UV-B radiation and recovery treatments. (B) Number of up- and down-regulated genes under different treatments.






3.3 KEGG analysis of DEGs between different groups of N. haitanensis

To verify the biological functions of the DEGs in N. haitanensis after UV-B radiation and during recovery, KEGG enrichment analysis of the DEGs was performed. The KEGG results showed that the DEGs were involved in DNA replication and repair, biosynthesis of secondary metabolites, ascorbate and aldarate metabolism, as well as energy-related metabolic pathways, including carbon metabolism, amino acid biosynthesis, photosynthesis and other related pathways after UV-B radiation and during recovery. In particular, the glycolytic pathway, the pentose phosphate pathway, and the TCA cycle, which are closely related to carbon metabolism, were enriched (Figure 4).




Figure 4 | KEGG enrichment analysis of differentially expressed genes of comparing (A) Control (C) vs 0.5 W·m-2 UV-B radiation (0.5U), (B) Control (C) vs 1 W·m-2 UV-B radiation (1U), (C) 0.5 W·m-2 UV-B radiation (0.5U) vs Recovery after 0.5 W·m-2 UV-B radiation (0.5R), and (D) 1 W·m-2 UV-B radiation (1U) vs Recovery after 1 W·m-2 UV-B radiation (1R).






3.4 Global analysis of dynamic changes in N. haitanensis after UV-B radiation and during recovery via metabolomics

To further reveal the dynamic changes and recovery characteristics of N. haitanensis after UV-B radiation, we focused on energy metabolism and investigated metabolite changes. A total of 63 energy metabolites were identified in 15 samples (Supplementary Table 3). We observed a distinct difference in the distribution of N. haitanensis according to the PCA plot after UV-B radiation and during recovery, indicating significant variation in the metabolome of N. haitanensis given different treatments (Figure 5A). Furthermore, the number of metabolites with upregulated expression exceeded the number of metabolites with downregulated expression, especially in the recovery group (Figure 5B). Additionally, the heatmap reveals a substantial increase in the level of most substances during recovery (Figure 5C).




Figure 5 | Metabolomic analysis of Neoporphyra haitanensis after UV-B radiation and during recovery. (A) Principal component analysis (PCA) plot of metabolome data obtained from samples with different levels of UV-B radiation and recovery treatments. (B) Number of up- and down-regulated metabolites under different treatments. (C) Classification of differentially expressed metabolites.






3.5 Dynamic regulation of key genes and metabolites involved in photosynthesis in N. haitanensis after UV-B radiation and during recovery

The levels of most genes and metabolites related to photosynthesis decreased and then increased after UV-B radiation and during recovery. The expression of genes encoding the light harvesting complex (NhLHCs) was down-regulated after UV-B radiation and remained consistently low during recovery. (Figure 6). Moreover, the expression of genes encoding the photoreaction center PSII, as well as other key components of the electron transport chain, such as Cyt b6f, Fd, FNR and ATP synthase, and the expression of genes encoding the downstream key enzymes of the Calvin cycle, such as fructose-1,6-bisphosphatase (FBP), phosphoglycerol kinase (PGK), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), was also downregulated. Notably, the expression of genes encoding the photoreaction centers PSII and Cyt b6f, ATP synthase, NhFBP, NhPGK, and NhGAPDH was upregulated during recovery (Figure 6). The metabolomic results showed that the levels of glyceraldehyde-3-phosphate and ribulose-5-phosphate within the Calvin cycle also increased during recovery (Figure 6).




Figure 6 | Differentially expressed genes and metabolites related to photosynthesis in Neoporphyra haitanensis after UV-B radiation and during recovery. The data show transcriptome and metabolome profiles from the Control (C), 0.5 W·m-2 UV-B radiation (0.5U), 1 W·m-2 UV-B radiation (1U), Recovery after 0.5 W·m-2 UV-B radiation (0.5R), Recovery after 1 W·m-2 UV-B radiation (1R) groups (from left to right). The square heatmaps show gene expression levels (normalized FPKM) (n = 5), and the circular heatmaps show the normalized peak area of metabolites (n = 5). PGK, phosphoglycerate kinase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; FBP, fructose-1,6-bisphosphatase.






3.6 Dynamic regulation of key genes and metabolites involved in glycolysis and the pentose phosphate pathway in N. haitanensis after UV-B radiation and during recovery

The expression of most genes and metabolites related to glycolysis and the pentose phosphate pathway increased during recovery in N. haitanensis (Figure 7). The expression of NhALDO, NhGAPDH and NhPGK, which are involved in the expression of fructose-bisphosphate aldolase, glyceraldehyde 3-phosphate dehydrogenase and phosphoglycerate kinase, respectively, was significantly downregulated after UV-B radiation and then upregulated during recovery. Our metabolomic results showed that the levels of 3-phosphoglyceraldehyde decreased after UV-B radiation treatment and increased again after recovery. Similarly, the expression of genes encoding phosphoglucomutase (NhPGM), phosphoglucose isomerase (NhGPI), and pyruvate kinase (NhPK) was upregulated in the recovered group, and these changes were accompanied by elevated levels of glucose-6-phosphate, fructose-6-phosphate, and pyruvate.




Figure 7 | Overview of glycolysis and the pentose phosphate pathway of Neoporphyra haitanensis after UV-B radiation and during recovery. The data show transcriptome and metabolome profiles from the Control (C), 0.5 W·m-2 UV-B radiation (0.5U), 1 W·m-2 UV-B radiation (1U), Recovery after 0.5 W·m-2 UV-B radiation (0.5R), Recovery after 1 W·m-2 UV-B radiation (1R) groups (from left to right). The square heatmaps show gene expression levels (normalized FPKM) (n = 5), and the circular heatmaps show the normalized peak area of metabolites (n = 5). PGM, phosphoglucomutase; GPI, phosphoglucose isomerase; PFK, phosphofructokinase; ALDO, fructose-bisphosphate aldolase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; PGK, phosphoglycerate kinase; PGAM, phosphoglycerate mutase; G6PD, glucose-6-phosphate dehydrogenase; 6PGDH, 6-phosphogluconate dehydrogenase; RPE, ribulose-phosphate 3 epimerase; TK, transketolase; ENO, enolase; TPI, triosephosphate isomerase; PK, pyruvate kinase.



In the pentose phosphate pathway, the expression of genes encoding glucose-6-phosphate dehydrogenase (NhG6PD), and genes encoding 6-phosphogluconate dehydrogenase (Nh6PGDH) was significantly higher in the recovery group than in the control group, and the expression of glucose 6-phosphate, ribulose-5-phosphate, and erythrose-4-phosphate was also increased in the recovery group (Figure 7).




3.7 Dynamic regulation of key genes and metabolites in the TCA cycle in N. haitanensis after UV-B radiation and during recovery

The transcriptomic analysis showed that the expression of genes encoding citrate synthase (NhCS), succinate dehydrogenase (NhSDH), isocitrate dehydrogenase (NhIDH), fumarate hydratase (NhFUM), and malate dehydrogenase (NhMDH) was upregulated during recovery. In contrast, the expression of genes encoding aconitase (NhACO) was downregulated. The metabolomic results showed that oxaloacetate, succinate, and malate levels were elevated during recovery. Especially, there was a sustained increase in ATP in N. haitanensis after UV-B radiation and recovery (Figure 8). In addition, a total of 9 differentially expressed amino acids were detected, including 2 acidic amino acids (Asp and Glu), 2 basic amino acids (Lys and Arg), 3 neutral amino acids (Thr, Ser and Asn), 1 aromatic family amino acid (Tyr) and 1 aliphatic amino acid (Leu). The levels of these amino acids were increased after UV-B radiation and during recovery compared with that in the controls (Figure 8).




Figure 8 | Overview of the TCA cycle and amino acid biosynthesis in Neoporphyra haitanensis after UV-B radiation and during recovery. The data show transcriptome and metabolome profiles from the Control (C), 0.5 W·m-2 UV-B radiation (0.5U), 1 W·m-2 UV-B radiation (1U), Recovery after 0.5 W·m-2 UV-B radiation (0.5R), Recovery after 1 W·m-2 UV-B radiation (1R) groups (from left to right). The square heatmaps show gene expression levels (normalized FPKM) (n = 5), and the circular heatmaps show the normalized peak area of metabolites (n = 5). PDH, dehydrogenase; CS, citrate synthase; ACO, aconitase; IDH, isocitrate dehydrogenase; SUC, succinyl-CoA synthetase; SDH, succinate dehydrogenase; FUM, fumarase; MDH, malate dehydrogenase.







4 Discussion



4.1 Damage to the photosynthetic system in N. haitanensis caused by UV-B radiation was reversible

An increase in UV-B radiation can have a detrimental effect on the rate of photosynthesis in plants (Yin et al., 2017). UV-B radiation can lead to the reversible inactivation of the light-harvesting pigment protein complex PSII, which reduces the rate of photosynthesis (Yin et al., 2017). In our study, the expression of genes encoding the light-harvesting complex (NhLHCs) decreased after UV-B radiation, and simultaneously, both the Fv/Fm ratio and the Y(II) level significantly decreased. These findings indicate that UV-B radiation has a harmful impact on the photosynthetic performance of N. haitanensis. During recovery, the expression levels of NhLHCs did not increase, reflecting the particularity of LHC in red algae. Unlike higher plants or other algae (such as green algae and brown algae), light energy capture in red algae mainly depends on phycobilisomes (Voerman et al.,2022; Li X et al., 2023). The role of LHC in red algae is far less significant than that of phycobilisomes and is not directly involved in light energy capture and electron transfer (You et al., 2023). Therefore, the persistently low expression of NhLHCs during recovery suggests that UV-B radiation can reduce the expression of NhLHCs, and this inhibition still exists after a period of recovery.

Considering the overall deleterious effect of UV-B on photosynthesis, photosynthetic performance should be greatly enhanced in the absence of UV-B during recovery (Tilbrook et al., 2016). This capacity for recovery can be explained by “dynamic photoinhibition”, which differs from photodamage and is a photoprotective mechanism that allows for the recovery of photosynthetic performance once excess radiant energy is removed (Simioni et al., 2014). In this study, the effect of UV-B on N. haitanensis presumably led to dynamic photoinhibition. Once UV-B treatment was discontinued, the photosynthetic ability of N. haitanensis was restored, as indicated by changes in heat dissipation and electron transfer. First, Y(NPQ) and Y(II) increased after 18 h of recovery and nearly reached their original levels, while Y(NO) remained relatively stable. UV-B did not cause destructive damage, and the temporary decrease in photosynthetic capacity may be a protective mechanism of N. haitanensis. This mechanism has also been found in the red alga Gelidium floridanum (Simioni et al., 2014). Second, PsbU and PsbQ are located upstream of the electron transport chain and are responsible for protecting electron donors (Zhen et al., 2021). A lack of PsbU affects electron transfer in the PSII complex (Shinde et al., 2022). The transcriptomics analysis in this study indicated the upregulated expression of key genes (NhPsbM, NhPsbU and NhPsbQ) associated with electron transport; this result provided further evidence of restored photosynthetic performance in N. haitanensis. Photosynthetic carbon fixation in algae is performed via the Calvin cycle (Kroth et al., 2008). The photosynthetic carbon fixation pathway can be promoted by an increase in ribulose content (Shi et al., 2022). In our study, an increase in ribulose 5-phosphate content during recovery indicated a rebound in the carbon sequestration capacity of N. haitanensis. Furthermore, the upregulated expression of carbon fixation-related genes, such as NhFBP, NhPGK, and NhGAPDH, promoted the production of metabolites in the carbon fixation pathway. During recovery, the enhancement of photosynthetic performance results from upstream photosynthetic capture and electron transfer, along with the accumulation of metabolites involved in downstream carbon reactions. This synergistic effect illustrates that damage to the photosynthetic system in N. haitanensis caused by UV-B radiation was reversible.




4.2 Dynamic changes in glycolysis promote energy production in N. haitanensis during recovery

Glycolysis occurs in response to abiotic stress mainly by affecting the energy supply of plants (Zeng et al., 2019). Glycolysis can increase the production of energy by degrading carbohydrates, thereby improving the response of plants to their environment under abiotic stress conditions (Zeng et al., 2019). Under hypoxic conditions, glycolysis is activated in Sesbania cannabina to produce ATP, thereby providing energy for coping with adverse stress (Ren et al., 2017). In our study, the transcriptome and metabolome data showed that the expression of genes and metabolites related to glycolysis were significantly upregulated in the recovery group (Figure 7), suggesting that glycolysis may be activated to promote energy production during recovery.

Studies have shown that glucose is utilized as a substrate for glycolysis and is beneficial for improving plant metabolism and stress resistance (Du et al., 2022). In our study, glycolysis was active during recovery, yet the amount of glucose increased, which may be due to the increase in photosynthesis during recovery. Previous studies have shown that enhanced photosynthesis promotes the production of soluble sugars (Li Y et al., 2023). Therefore, we speculate that during recovery, the recovery of photosynthetic performance can further promote glucose production, thus providing substrates for glycolysis.

The accumulation of pyruvate in the glycolytic metabolic pathway can enhance the survival of plants under stress conditions (Tian et al., 2022). Pyruvate, the end product of glycolysis, enters the TCA cycle to undergo oxidative phosphorylation to produce ATP (Beebe et al., 2020). Pyruvate kinase (PK) and GAPDH, the key enzymes of the glycolysis pathway, play vital roles in pyruvate production (Wong et al., 2018). In particular, PK catalyzes the final and irreversible step of glycolysis to generate pyruvate and ATP (Zhong et al., 2019). In our study, the upregulation of NhPK and NhGAPDH expression was accompanied by pyruvate accumulation during recovery. We speculated that the accumulated pyruvate enters the TCA cycle to undergo oxidative phosphorylation for ATP production.

The pentose phosphate pathway (PPP) is a complementary source of cellular energy that can directly oxidize sugars and complement glycolysis (Zhu et al., 2023). Glucose-6-phosphate dehydrogenase (G6PD) is the first rate-limiting enzyme of the PPP, and the activity of this enzyme reflects the importance of the pentose phosphate pathway (Sarkar et al., 2011). For example, upregulated expression of G6PD suggests activation of the pentose phosphate pathway in wheat under high salt stress (Chang et al., 2020). In this study, the expression of NhG6PD was upregulated during recovery. 6-Phosphogluconate dehydrogenase catalyzes the conversion of 6-phosphogluconic acid to 5-phosphate ribulose and is another key enzyme in the pentose phosphate pathway (Zhao et al., 2019). In this study, the expression of Nh6PGDH was upregulated, and the content of ribulose 5-phosphate increased during recovery. Similar results were found as a result of activation of the pentose phosphate pathway during wheat seed germination (Lv et al., 2016). With the upregulated expression of genes that control key enzymes in the PPP and the increase in the level of key substances, we speculate that the PPP of N. haitanensis was activated during recovery, possibly to replenish substrates for glycolysis.




4.3 Dynamic changes in the TCA cycle in N. haitanensis provide ATP for repairing UV-B damage

The TCA cycle is a key mechanism of ATP production in plants and plays an important role in resisting stress (Yang et al., 2020). Citrate synthetase (CS) is the first enzyme of the TCA cycle and catalyzes the reaction between acetyl coenzyme A and oxaloacetate to produce citric acid (Chaudhry et al., 2018). Changes in the activity of citrate synthase can directly affect the efficiency of the TCA cycle (Wang et al., 2018). In this study, NhCS expression was upregulated, suggesting that the efficiency of the TCA cycle was also elevated during N. haitanensis recovery. In addition, MDH and IDH can produce NADH, which can enter the oxidative respiratory chain and eventually generate ATP in plants (Qian et al., 2022). In this study, NhMDH and NhIDH expression was upregulated accompanied by a large accumulation of ATP, suggesting that ATP may have been generated for energy supply during recovery. Additionally, increased oxaloacetate levels likely stimulate the TCA cycle (Sass et al., 2019). An increase in the oxaloacetate level caused by the upregulation of NhMDH expression was also found in N. haitanensis. In addition, the expression of genes encoding succinate dehydrogenase (NhSDH) and fumarate hydratase (NhFUM) was upregulated during recovery. We speculated that the TCA cycle in N. haitanensis was activated during recovery because of the increase in key substances and the upregulated expression of key enzyme-encoding genes. Activation of the TCA cycle provided ATP for N. haitanensis to repair UV-B damage. It is noteworthy that NhACO downregulated during recovery, contrasting with the predominant trend observed in most genes. Despite this, we maintained that the TCA cycle was activated during recovery. Similar results were found in the study of the effects of UV-B radiation on Isochrysis galbana, in which genes encoding the majority of essential enzymes in the TCA cycle were predominantly upregulated. However, the gene encoding fumarase was an exception, showing no upregulation (Cao et al., 2019). This prevalent pattern suggested that the complex regulation of metabolic pathways in response to UV-B stress.

Amino acid levels are strongly correlated with the accumulation of intermediates in the TCA cycle (de la Torre et al., 2014). The decomposition of amino acids can supplement intermediates in the TCA cycle, and aspartate and asparagine can be utilized to supplement oxaloacetate (Liu et al., 2023). In our study, aspartate and asparagine levels increased during recovery. The increased aspartate and asparagine may supplement oxaloacetate. We speculated that enhanced amino acid metabolism served as a source of intermediates for the TCA cycle. Correspondingly, studies have shown that under high temperature conditions, Arabidopsis thaliana exhibited a rapid increase in amino acid levels that complement oxaloacetate and pyruvate (Kaplan et al., 2004), with concurrent upregulation of enzyme genes involved in these pathways, such as aspartate aminotransferase. This indicated a causal relationship between the variations in amino acid content and TCA cycle intermediate levels. Furthermore, the addition of certain amino acids (aspartate, asparagine, threonine, and serine) has been shown to lead to significant accumulations of pyruvate and oxaloacetate, demonstrating the role of amino acids in supplementing the TCA cycle (Zampieri et al., 2019). In addition to providing intermediates for the TCA cycle, amino acids play an important role in protecting plants against different abiotic stresses (Zhang et al., 2018). In previous studies, stress-associated defensive metabolites, including proline, leucine, isoleucine, glutamic acid and serine, were found to accumulate in plants exposed to high levels of UV-B radiation (Zhang et al., 2018; Sun Q et al., 2022). In this study, we found that UV-B radiation and recovery caused significant changes in the levels of aspartate, tyrosine, leucine, threonine, glutamic acid and serine in N. haitanensis. The levels of most amino acids increased significantly after UV-B radiation treatment and recovery, which indicated that there was a tendency to accumulate amino acids after UV-B radiation and during recovery; this result also indicated that amino acid metabolism had an important role in the response to UV-B radiation, as well as during recovery in N. haitanensis. Moreover, Lys may be involved in stress response in plants, and the accumulation of arginine is often observed in plants subjected to various types of environmental stress (Keller et al., 2018; Zhang et al., 2018). The levels of Lys and arginine increased significantly after UV-B radiation and remained high during recovery. These findings indicate that the accumulation of Lys and Arg in N. haitanensis after UV-B treatment may be associated with UV-B responses. Therefore, the accumulation of specific amino acids produced by amino acid metabolism is related to the increased UV-B radiation tolerance of N. haitanensis, as well as to the recovery process.





5 Conclusion

We explored changes in the photosynthetic physiology, gene expression and metabolite accumulation of N. haitanensis after UV-B radiation and during recovery from the perspective of energy metabolism. The results showed that UV-B radiation decreased the photosynthetic performance of N. haitanensis. Recovery experiments revealed that the synergistic effect of multiple biological processes could help N. haitanensis to repair the damage caused by UV-B radiation. The increased photosynthetic performance promoted glucose production to provide substrates for glycolysis. The upregulated genes and metabolites suggested that glycolysis was subsequently activated, facilitating energy production. Meanwhile, the TCA cycle responded positively by providing ATP for N. haitanensis to repair UV-B damage. Additionally, enhanced amino acid metabolism served as a source of intermediates for the TCA cycle.
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