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Abstract


In the present work, we examined the effects of exogenous abscisic acid (ABA) under ultraviolet B (UV-B) exposure on gibberellin (GA) production, signaling, and antioxidant-related genes in Rhododendron chrysanthum Pall (R. chrysanthum). Using transcriptomics, acetylated proteomics, and widely targeted metabolomics, the effects of UV-B stress on R. chrysanthum and the regulatory effects of exogenous ABA on it were revealed from multiple perspectives. The findings revealed that R. chrysanthum’s antioxidant enzyme genes were differentially expressed by UV-B radiation and were substantially enriched in the glutathione metabolic pathway. Exogenous ABA supplementation boosted plant resistance to UV-B damage and further enhanced the expression of antioxidant enzyme genes. Furthermore, under UV-B stress, glutathione reductase, glutathione peroxidase, and L-ascorbate peroxidase were found to be the primary antioxidant enzymes controlled by exogenous ABA. In addition, gibberellin content was altered due to UV-B and exogenous ABA treatments, with greater effects on GA3 and GA53. The acetylation proteomics study’s outcomes disclosed that the three main oxidative enzymes’ acetylation modifications were dramatically changed during UV-B exposure, which may have an impact on the antioxidant enzymes’ functions and activities. The protective impact of exogenous ABA and gibberellin on R. chrysanthum’s photosynthetic system was further established by measuring the parameters of chlorophyll fluorescence. This research offers a theoretical foundation for the development of breeding highly resistant plant varieties as well as fresh insights into how hormone levels and antioxidant systems are regulated by plants in response to UV-B damage.
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1. Introduction


Ultraviolet radiation from sunlight has significant effects on organisms in the Earth’s ecosystems [1]. Based on their wavelength range, UV radiation is divided into three primary bands: shortwave UV (UV-C, 200–280 nm), midwave UV (UV-B, 280–315 nm), and longwave UV (UV-A, 315–400 nm) [2,3]. Among the three types of ultraviolet radiation, UV-B is the band found in nature that has the greatest impact on living organisms [3,4,5]. Plants are negatively impacted by increased UV-B radiation resulting from ozone layer depletion. This damage includes apoptosis, pigment degradation, obstruction of photosynthesis and metabolic pathways, and damage to biomolecules [6,7,8]. In this sense, different ground-based plants have progressively evolved their own distinctive adaptation mechanisms in response to UV-B damage in order to live.



Rhododendron chrysanthum Pall (R. chrysanthum), belonging to the genus Rhododendron in the family Rhododendronaceae, is an evergreen shrub or small tree [9]. This plant can endure the severe conditions found in Changbai Mountain, including low temperatures, UV radiation, and other environmental stresses. R. chrysanthum’s ability to withstand UV-B radiation was demonstrated by research involving UV-B resistance, which allowed the plant to preserve its regular existence by causing notable alterations in its metabolism linked to amino acids [10]. Research on acetylation proteomics revealed that R. chrysanthum reduces UV-B-induced damage by acetylating proteins involved in photosystem II and glycolytic processes [11,12]. In actuality, plants’ natural antioxidant system can also react to UV-B stress. Numerous research has shown the distinct coping mechanisms of R. chrysanthum. Although transcriptomics and metabolomics play important roles in the study of plant response to environmental stresses, there is still a relative paucity of studies targeting the antioxidant gene response of R. chrysanthum under UV-B stress. Although studies have been conducted to explore the acetylation of proteins associated with R. chrysanthum, studies on the acetylation modification of antioxidant enzymes regulated by antioxidant genes are currently very limited. Therefore, an in-depth study of their acetylation modifications is important for understanding the stress mechanisms of R. chrysanthum.



In plant cells, UV-B stress can induce the production of excessive reactive oxygen species (ROS), such as superoxide anion and hydrogen peroxide (H2O2) [13,14]. These excess ROS damage biomolecules such as DNA, proteins and lipids in plant cells, leading to cellular dysfunction [15]. Plants have a complex antioxidant system that guards against damage from ROS. This system is made up of both non-enzymatic antioxidants like ascorbic acid, glutathione, and carotenoids, as well as a range of antioxidant enzymes like superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPX) [16,17]. Upon UV-B stress, these antioxidant genes respond rapidly to modulate the antioxidant system and produce antioxidants [18]. These antioxidants shield plant cells from oxidative harm by scavenging excess reactive oxygen species.



A crucial phytohormone in plants, abscisic acid (ABA) is involved in both the growth and development of plants as well as their reaction to stressors such as adversity. Applying exogenous ABA to plants increases their resilience to a range of environmental challenges [19]. According to some research, ABA spraying can boost the carbon metabolism of sweet potato leaves, increase yield, and improve photosynthetic capability [20]. Key enzymes involved in the production of starch were found to be more active in rice grains treated with exogenous ABA, which also encouraged the buildup of starch [21]. Furthermore, by controlling the expression of genes or enzymes involved in hormone production, metabolism, and signaling, exogenous ABA can modify the levels of endogenous hormones [22]. Gibberellin is likewise an important class of phytohormones and belongs to the diterpenoid class [23]. Enhancing a plant’s resistance to adverse stressors is another function of gibberellins [24]. In some studies, it has been found that gibberellins are able to influence photosynthesis in plants, helping them to better utilize light energy under adverse conditions by regulating photosynthetic efficiency [25]. Gibberellins interact with other hormones in plants, like ethylene and ABA, to control how the plant reacts to adversity [26,27]. Importantly, the DELLA protein, a key factor in the GA signaling pathway, is coregulated by various hormones such as GA itself, jasmonate, ethylene, and ABA, thus exercising a corresponding regulatory role [20]. Studies on the exogenous ABA control of R. chrysanthum genes associated with antioxidants are scarce, nevertheless. Similar to this, not much research has been conducted on how exogenous ABA regulates GA-related pathways of R. chrysanthum exposed to UV-B.



In summary, in order to fill the research gap in the study of how exogenous ABA regulates antioxidant enzymes and metabolic pathways in R. chrysanthum in response to UV-B stress, the present experiment was conducted to analyze the mechanism of regulation of gibberellin biosynthesis as well as signaling-related genes of R. chrysanthum under UV-B stress by exogenous ABA through transcriptomics as well as the effects of exogenous ABA on antioxidant-related genes under UV-B stress. Combined with the results of targeted metabolomics, the important role played by the enzymes regulated by these key genes in the antioxidant metabolic pathway was confirmed. Post-translational modifications of key antioxidant enzymes in R. chrysanthum were also explored using acetylated proteomics to show the effect of UV-B radiation on antioxidant enzymes. The results are important for understanding how exogenous ABA responds to environmental stress by regulating the antioxidant system of plants and provide a theoretical basis and molecular markers for the breeding of highly resilient plant varieties.




2. Results


2.1. UV-B and Exogenous ABA Induced Changes in the Content of GAs


To investigate the effect of exogenous ABA on gibberellin (GA) content in R. chrysanthum under UV-B stress, GA content was examined using widely targeted metabolomics on PAR-treated, UV-B-treated, and UV-B-co-treated with exogenous ABA experimental materials. According to the data, UV-B and exogenous ABA had less of an effect on GA1, with UV-B decreasing its content and exogenous ABA increasing it. However, none of these changes differed significantly. Exogenous ABA caused a considerable rise in GA3 content after it was applied. Although UV-B also increased GA3 content, the difference was not significant compared to the PAR treatment. The changes in GA15 were less pronounced; UV-B caused little rise in content, whereas exogenous ABA treatment caused slight decrease. With UV-B radiation, the amount of GA53 was dramatically reduced; this reduction continued with exogenous ABA therapy (Figure 1).



This implies that exogenous ABA may have an impact on R. chrysanthum’s GAs content under UV-B. Furthermore, exogenous ABA therapy causes considerable alteration in the contents of GA3 and GA53, which is probably the main influencing factor. Thus, ABA and GAs of R. chrysanthum are able to interact and function together in response to UV-B stress.




2.2. Exogenous ABA and GA3 Improve R. chrysanthum’s Capacity for Photosynthetic Processes Under UV-B Stress


The above results showed that exogenous ABA was able to significantly elevate the content of GA3, suggesting that high content of GA3 may contribute to the enhancement of stress tolerance in R. chrysanthum. Therefore, in this experiment, chlorophyll fluorescence parameters were simultaneously measured after exogenous ABA and GA3 treatments to compare the roles played by ABA and gibberellin in resisting UV-B stress.



The photosynthetic ability of R. chrysanthum was lowered by UV-B radiation, as evidenced by the Y(II) (photochemical yield of PSII) and ETR (actual electron transport rate) curves following UV-B radiation being lower than those following PAR treatment (Figure 2A,B). On this basis, the Y(II) and ETR curves of the experimental materials treated with two exogenous hormones (ABA and GA3) were intermediate between PAR and UV-B treatments. This indicates that ABA and GA3 have a protective effect on the photosynthetic system of R. chrysanthum (Figure 2C,D).



The bar graph data showed that Fv/Fm (Maximal photochemical efficiency of PSII) decreased significantly after UV-B radiation compared to the PAR-treated group. The exogenous hormones (ABA and GA3) alleviated this trend, and Fv/Fm increased significantly. qL (photochemical quenching) and Fv/Fm showed similar trends, but these differences were not significant. The significant increase in NPQ (non-photochemical quenching) after UV-B radiation suggests that the photosynthetic system of R. chrysanthum was subjected to excess light energy and dissipated the excess in the form of heat energy. Similarly, this trend was alleviated after exogenous ABA and NPQ decreased significantly. This indicated that exogenous ABA enhanced the utilization of light energy by R. chrysanthum. A similar pattern of change was observed after exogenous GA3, but the effect was not as pronounced as that of exogenous ABA (Figure 2E).



Combined with the findings of exogenous ABA affects R. chrysanthum’s gibberellin content under UV-B radiation, it is evident that exogenous ABA controls the plant’s gibberellin-related pathway and collaborates with gibberellin to help the plant respond favorably to UV-B stress.




2.3. Differential Expression of R. chrysanthum Antioxidant Genes by Exogenous ABA Under UV-B Stress


The antioxidant system in plants is crucial for protecting against UV-B stress. Therefore, this experiment focused on exploring the changes in antioxidant enzyme genes between groups M (PAR treatment), N (UV-B treatment) and Q (UV-B co-treatment with exogenous ABA). The objective was to find important antioxidant enzymes and the genes that correspond to them in R. chrysanthum reacting to UV-B, as well as investigate how exogenous ABA regulates antioxidant genes under UV-B stress.



The results of GO analysis showed that there were 15 antioxidant activity-related differentially expressed genes (DEGs) (14 upregulated and 1 downregulated) in MN (MvsN), 41 antioxidant activity-related DEGs (29 upregulated and 12 downregulated) in MQ (MvsQ), and 2 antioxidant activity-associated DEGs in NQ (NvsQ) (2 downregulated) (Figure 3A, Supplementary Tables S1–S3). Following UV-B radiation, the majority of genes associated with antioxidant enzymes were found to be upregulated, with more DEGs for peroxidase and L-ascorbate peroxidase, according to the clustered heat map data (Figure 3C). This implies that in reaction to UV-B exposure, R. chrysanthum activates its own antioxidant mechanism.



Similarly, under UV-B stress, exogenous ABA contributed to the upregulation of most of the DEGs associated with antioxidant enzymes in R. chrysanthum (Figure 3D). This shows that exogenous ABA may be able to further regulate the antioxidant system in order to shield R. chrysanthum’s photosynthetic system from harm. This phenomenon is also consistent with the results of the photosynthetic performance index. Of note was the downregulation of both DEGs in the NQ group (Figure 3E). The reason for this is that relative to PAR treatment, although both UV-B treatment and exogenous ABA resulted in the upregulation of antioxidant enzyme-related genes, the effect of UV-B radiation was greater.



Wayne plots were used to show the key antioxidant enzymes and their associated DEGs reacting to UV-B by displaying the pooled partial DEGs between the various comparison groups. The results showed that a total of 15 DEGs appeared in the pooled section between the various comparison groups (Figure 3B). The clustered heatmap shows the changes in expression of 15 DEGs associated with six key antioxidant enzymes. The genes related to key antioxidant enzymes such as glutathione peroxidase and glutathione reductase were upregulated after UV-B radiation, and these genes were further upregulated by exogenous ABA (Supplementary Figure S1). These 15 DEGs were considerably enriched in antioxidant-related pathways, notably glutathione metabolism and phenylpropanoid biosynthesis, as shown by KEGG enrichment data (Supplementary Figure S2).




2.4. Regulation of GA-Related Pathways by Exogenous ABA Under UV-B Stress


The variations of several DEGs in GA biosynthesis and signaling pathway were demonstrated by findings, which linked UV-B radiation and exogenous ABA treatment (Supplementary Figures S3 and S4). These DEGs ultimately led to significant changes in the GA content of R. chrysanthum and activated the GA signaling pathway.



In the GA biosynthesis pathway, the genes for the key enzymes ent-kaurene synthase, ent-kaurene oxidase, and GA 2beta-dioxygenase were all differentially expressed (Figure 4A). Notably, DEGs in the pathways involved in GA3 biosynthesis were expressed higher in both groups N and Q than in group M (except for ent-kaurene synthase) (Figure 4A). Combined with the results of changes in GA content, exogenous ABA contributed to the upregulation of most DEGs in the GA3 biosynthesis pathway, which ultimately led to a significant increase in GA3 content.



For GA53, the DEGs in its biosynthetic pathway mostly overlap with GA3. Exogenous ABA eventually led to a significant upregulation of DEGs of GA 13-oxidase. Exogenous ABA not only significantly reduced the content of GA53, but also inhibited the activity of GA 13-oxidase by regulating its DEG. Therefore, exogenous ABA mainly regulated the biosynthesis of R. chrysanthum GA53 to turn on the downstream signaling pathway.



In the GA signaling pathway, GID1-involved DEGs are consistently upregulated under the influence of UV-B and ABA. The majority of DEGs involved in DELLA were further upregulated, which ultimately led to the negative regulatory role of the bHLH transcription factor in controlling downstream metabolic pathways (Figure 4B). Interestingly, some of these GA signaling pathway-regulated bHLH transcription factors appeared in the Circadian rhythm–plant pathway. This suggests that exogenous ABA is likely to regulate both the GA signaling pathway and the Circadian rhythm–plant pathway under UV-B stress, and that these two signaling pathways interact with each other to perform certain biological functions together.




2.5. Quality Control (QC) of Metabolomics and Classification of Detected Metabolites


In the PCA (principal component analysis) results of this study, samples within the same treatment group clustered together, indicating high reproducibility within each treatment group (Figure 5A,B). The high correlation between the quality control samples (QC) indicated that UPLC-MS/MS (ultra-performance liquid chromatography–tandem mass spectrometry) was highly stable (Figure 5C,D). OPLS-DA (orthogonal partial least squares–discriminant analysis) is designed to differentiate between different groups of samples and to identify key variables that affect group classification, i.e., differential metabolites. And the VIP threshold was set to 1 to screen for differential metabolites (DMs) (Supplementary Figure S5A,B). The Q2 of both detection modalities was greater than 0.5, as indicated by the model validation plot results, demonstrating the validity of the OPLS-DA data (Supplementary Figure S5C,D). The metabolomics data are trustworthy and appropriate for further metabolic pathway study, according to the aforementioned results.



A total of 2149 metabolites were detected by broadly targeted metabolomics in this study (Figure 5E). Among the known metabolites detected in the positive mode, flavonoids, amino acids and derivatives, and terpenoids predominated. Among the known metabolites detected in the negative mode, flavonoids, phenolic acids, and terpenoids predominated.




2.6. Modulation of Key Antioxidant Enzymes by Exogenous ABA in the Glutathione Metabolism Pathway


The above transcriptomics KEGG enrichment analysis results indicated that UV-B radiation and exogenous ABA mainly led to significant enrichment of antioxidant-related DEGs in the glutathione metabolism pathway (Supplementary Figure S2). Therefore, the present study synthesized the results of transcriptomics and metabolomics, focusing on the role played by key oxidative enzymes in the glutathione metabolism pathway.



According to the data, the glutathione metabolism pathway was catalyzed by three important antioxidant enzymes: glutathione reductase, glutathione peroxidase, and L-ascorbate peroxidase (Figure 6). The results show that exogenous ABA further upregulated the DEGs of both enzymes (glutathione reductase and glutathione peroxidase) under UV-B stress, catalyzing the redox reactions involved in oxiglutatione. There was a gradual increase in dehydroascorbate expression and gradual decrease in ascorbate in the glutathione metabolism pathway in the presence of ABA and UV-B. The explanation for this is UV-B and exogenous ABA upregulate the expression of DEGs of L-ascorbate peroxidase, which catalyzes the shift of ascorbate to dehydroascorbate.




2.7. Correlation Analysis of DEGs in the GA-Related Pathway with DEGs and DMs in Glutathione Metabolism Pathway


Significant changes in GA production and signaling pathways were caused by UV-B and exogenous ABA, while stimulating differential expression of antioxidant enzyme-related genes and significant enrichment in the glutathione metabolism pathway. Therefore, key DEGs and DMs in these pathways were correlatively analyzed to show the connection between them. The results showed that ent-kaurene oxidase, gibberellin 2beta-dioxygenase and gibberellin 13-oxidase, key enzymes in the pathway regulating gibberellin biosynthesis, were significantly correlated with the three key antioxidant enzymes in the pathway regulating the Glutathione metabolism pathway and the metabolic products were significantly correlated (Figure 7, Supplementary Table S4).



Reacting to UV-B, the GA signaling pathway may work in concert with glutathione reductase, glutathione peroxidase, and L-ascorbate peroxidase, indicating a close relationship between the two pathways.




2.8. UV-B Causes Acetylation of Key Antioxidant Enzymes in the Glutathione Metabolism Pathway


Transcriptomics and metabolomics studies have shown that glutathione reductase, glutathione peroxidase, and L-ascorbate peroxidase are essential in R. chrysanthum in response to UV-B stress. Protein acetylation, as an important post-translational modification, plays an important role in regulating protein function. To further reveal the post-translational modifications of these three proteins of R. chrysanthum, this study analyzed them using acetylation proteomics. Non-covalent structures were also visualized using ProteinTools to show the effects of various non-covalent interactions on the structure of the protein in question.



The results showed that lysine residue 166 of glutathione reductase in the glutathione metabolism pathway underwent significant acetylation modification and was significantly upregulated after UV-B radiation treatment (Figure 8A). There are 14 hydrophobic clusters present in glutathione reductase with hydrophobic cluster areas ranging from 68.712 (Cluster 6) to 2280.572 (Cluster 2). Cluster 6 contains two residues with an area of 34.352 per residue and two interactions between residues. Cluster 2 contains 14 residues with an area of 41.462 per residue and 55 interactions between residues (Supplementary Table S5). Fifteen salt bridge networks were also present in glutathione reductase, and charge separation parameters were calculated. The results showed that the FCR (fraction of charged residues) was 0.23 and K (kappa value) was 0.14 (Supplementary Table S6).



Both glutathione peroxidase and L-ascorbate peroxidase produced two acetylation sites on lysine residues 136 and 172, and lysine residues 30 and 52, respectively (Figure 8B,C). And all these acetylation modifications were significantly upregulated after UV-B. Similar to glutathione reductase, non-covalent interactions like hydrophobic clusters and salt bridges are also present for glutathione peroxidase and L-ascorbate peroxidase (Supplementary Tables S5 and S6).



Taken together, these results indicated that exogenous ABA was able to upregulate the DEGs of glutathione reductase, glutathione peroxidase, and L-ascorbate peroxidase in R. chrysanthum in response to UV-B stress. R. chrysanthum was also able to further enhance its resistance to UV-B stress through acetylation of these three key antioxidant enzymes.





3. Discussion


At different phases of their growth, plants in the natural world may face a range of challenges. After environmental signals are sensed by plants, the environmental response of plants will be regulated through the activation or inhibition of phytohormone pathways and interactions to make adaptive changes [28]. Studies have shown that GA is also involved in plant stress responses to various adversities [29]. The stress resistance mechanism involved in GA mainly includes two forms: one is achieved by inducing the up-regulation of genes such as GA20ox and GA3ox (Gibberellin 3beta-dioxygenase), which promotes GA synthesis and thus plant growth and development; the other is the upregulation of genes that have the ability to inhibit the activity of GA, such as the expression of genes that inhibit GA activity, such as GA2ox (Gibberellin 2beta-dioxygenase), which reduces GA bioactivity, resulting in DELLA accumulation and regulating the downstream pathways [30]. The present study demonstrated the presence of both of these GA stress resistance mechanisms in exogenous ABA-treated R. chrysanthum under UV-B stress. UV-B and exogenous ABA resulted in the upregulation of most of the genes involved in GA3 biosynthesis in R. chrysanthum, including GA3ox, as well as a significant increase in the GA3 content (Figure 1 and Figure 4A). And the light and performance were enhanced by exogenous ABA and GA3 (Figure 2). This implies that GA3 is crucial for R. chrysanthum’s retaliation to UV-B and regulated by ABA, whereas exogenous ABA treatment under UV-B stress resulted in a significant decrease in GA53 content (Figure 1). And in the GA53 biosynthesis pathway, UV-B and exogenous ABA caused the significant upregulation of DEG of Gibberellin 13-oxidase. Gibberellin 13-oxidase regulates GA activity and regulates plants by inhibiting GA activity [31]. This is reflected from another perspective that exogenous ABA mainly negatively regulates GA53 and thus opens the GA signaling pathway.



DELLA and GID1 are major components of the GA signaling pathway, in which DELLA plays a key regulatory role and GID1 is a GA receptor [32]. GA is able to cause the degradation of DELLA, which is an inhibitor of plant growth.GA binds to GID1 to form a complex, causing a conformational change in GID1, which then binds to the N-terminus of DELLA, leading to the degradation of DELLA. When GA levels are low, GID1 does not bind to it, and the signaling pathway inhibits the accumulation of the protein DELLA, which stimulates the GA signaling pathway [33]. The present study also found a similar mechanism, with a significant decrease in GA53 due to exogenous ABA, which ultimately led to an increase in the expression levels of most DEGs in DELLA (Figure 4B). Notably, the TFs that were differentially expressed in GA signaling in R. chrysanthum were bHLH transcription factors. And some of the differentially expressed bHLH transcription factors are also responsible for regulating the circadian rhythm–plant pathway. Previous studies on R. chrysanthum have found that exogenous ABA modulates the Circadian rhythm–plant pathway reacting to UV-B [34]. Combined with the results of this investigation, GA signaling influenced by exogenous ABA is likely to act in conjunction with the Circadian rhythm–plant pathway, and its mechanism deserves further exploration.



Studies have shown that the DELLA protein itself not only resists reactive oxygen molecules induced by abiotic stresses to increase resistance to adversity, but also regulates the antioxidant system of the plant [35,36]. In the present study, we found that UV-B and exogenous ABA enabled the production of a large number of antioxidant DEGs by transcriptomic studies and were significantly enriched in the glutathione metabolic pathway (Supplementary Figure S2). Among them, DEGs, mainly glutathione reductase, glutathione peroxidase, and L-ascorbate peroxidase, were significantly upregulated. Plant glutathione metabolism refers to a series of biochemical processes such as the synthesis, utilization, and regeneration of glutathione (GSH) in plants [37]. Glutathione metabolism not only protects plants from adversity, but also participates in the process of adaptation to environmental changes involving multiple reactive oxygen species scavenging and response to adversity stress. Glutathione reductase can help maintain the reduced state of glutathione. Reduced glutathione (GSH) is one of the most important antioxidants in the cell, scavenging free radicals and reactive oxygen species (ROS) to protect cells from oxidative damage [38]. During photosynthesis in plants, glutathione reductase also helps to protect photosynthetic membranes from ROS damage and maintain photosynthetic efficiency [39,40]. The main role of glutathione peroxidase is to catalyze the generation of oxidized glutathione (GSSG) from reduced glutathione (GSH) to reduce toxic hydrogen peroxide (H2O2) to non-toxic hydroxyl compounds, thus protecting biofilms from damage caused by reactive oxygen species (ROS) and maintaining normal cellular function [41]. L-ascorbate peroxidase plays a central role in the ascorbate–glutathione (AsA-GSH) cycle in plant cells, catalyzing the decomposition of H2O2 into water and monodehydroascorbic acid (MDHA) by using ascorbate as an electron donor [42]. This process is essential for maintaining intracellular ascorbic acid and glutathione levels. Thus, exogenous ABA was able to regulate glutathione reductase to maintain the reduced state of GSH, which contributed to the enhancement of cellular antioxidant capacity (Figure 6). Also, exogenous ABA was involved in the regulation of glutathione peroxidase and L-ascorbate peroxidase to scavenge reactive oxygen species caused by UV-B radiation. This is the fundamental reason why exogenous ABA enhances the light and performance of R. chrysanthum.



The results of correlation analysis revealed a close correlation between gibberellin biosynthesis and signaling pathways and glutathione metabolism (Figure 7). Combined with the above results, exogenous ABA regulated the gibberellin biosynthesis pathway in R. chrysanthum under UV-B stress, which in turn affected the content of gibberellin. Not only that, exogenous ABA also induced the differential expression of gibberellin signaling key component genes, which ultimately turned on the gibberellin signaling pathway. The downstream glutathione metabolic pathway was not only regulated by gibberellin signaling, in which key antioxidant enzyme genes and metabolites were also differentially expressed under the influence of exogenous ABA. Ultimately, these pathways interact with each other and work together to respond positively to UV-B stress.



Protein acetylation modification, as a post-translational modification, involves the addition of an acetyl group to a specific amino acid residue of a protein, usually the ε-amino side chain of lysine (Lysine) [43]. Protein stability may be impacted by acetylation. Moreover, acetylation frequently results in gene activation, which modifies the activity of enzymes. Hydrophobic clusters figure prominently in the stabilization of protein structures by promoting the aggregation of hydrophobic residues in the interior of the protein molecule, while hydrophilic residues are located on the surface of the molecule [44]. Salt bridge in proteins is an important noncovalent interaction that involves electrostatic interactions between oppositely charged amino acid residues in a protein molecule [45]. The formation of salt bridges helps to stabilize the three-dimensional structure of proteins and is critical for protein functions, including enzyme catalysis, protein-protein interactions, and molecular recognition. In the present study, it was found that UV-B radiation could indeed further lead to acetylation modification of glutathione reductase, glutathione peroxidase, and L-ascorbate peroxidase (Figure 8). This corroborates the transcriptomics results that the genes for the three core antioxidant enzymes are activated. The question of how the acetylation modification of these antioxidant enzymes affects their own activities and the role played by non-covalent bonds in them deserves further investigation.




4. Materials and Methods


4.1. Treatment and Culture of Experimental Plants


Reference was made to previous experiments regarding the culture conditions and experimental treatments of the material used in this experiment [46,47]. In this experiment, R. chrysanthum was the experimental material. It was cultivated in an incubator with a photon flux density of 50 μmol/(m2s) and a temperature of 25/18 °C with a 10/14 h day/night cycle. High transmission filters with various transmittance properties were utilized to obtain the diverse radiation conditions needed. The 400 nm wavelength filters (Edmund, Filter Long 2IN SQ, Barrington, NJ, USA) were placed on the culture flasks for PAR (photosynthetically active radiation) irradiation only. UV-B radiation treatment was carried out by placing 295 nm wavelength filters(Edmund, Filter Long 2IN SQ, Barrington, NJ, USA) on each of the culture flasks for UV-B stress. Warm white fluorescent lights (Philips, T5 14W, Amsterdam, Netherlands) were used to produce visible light. UV-B radiation was provided by UV-B fluorescent tubes (Philips, Ultraviolet-B TL 20W/01 RS, Amsterdam, The Netherlands). The effective irradiance of the samples was 2.3 W/m2 for UV-B and 50 μmol/(m2s) for PAR.



For the experiment, eight-month-old R. chrysanthum in the same growth stage was chosen. A total of four groups of treatments were created, which were recorded as M, N, Q, and GA, and three biological replications were set up for each group of treatments (n = 3). R. chrysanthums were cultivated in groups M and N utilizing 1/4 MS medium. The Q and GA groups were cultured in 1/4 MS medium supplemented with ABA (100 µM) and GA3 (100 µM), respectively, and were placed in an artificial climate chamber for 7 d after transplanting. Group M was subjected to PAR treatment for 8 h/d for 2 d. Groups N, Q and GA were subjected to PAR+UV-B treatments with the same treatment duration as in Group M (Table 1). The experimental treatment of each group was completed, after which the determination of the indicators was carried out.




4.2. Determination of Widely Targeted Metabolomics and Plant Hormones


This part was completed by Metware Biotech Inc., Wuhan, China. The manipulation technique, equipment, and reagents were all the same as in the earlier studies [48]. The following are the primary steps:



Multiquant and Analyst 1.6.3 were used to perform both qualitative and quantitative analyses of the plant metabolites. First, the metabolites in the samples were identified by a self-constructed MWDB database, combining with primary and secondary mass spectrometry data. The metabolites were then measured with triple quadrupole mass spectrometry operating in the MRM mode. By applying integral corrections to the chromatographic peaks and comparing the mass spectral signals in various samples, quantitative information about metabolites was acquired. Lastly, by establishing the criteria of fold change (FC) over 1.5 or below 0.67 and VIP values more than 1, statistically differential metabolites (DMs) were obtained. These DMs were further annotated to the KEGG database for subsequent analysis.



Liquid chromatography–tandem mass spectrometry (LC-MS/MS) was used to determine phytohormones, strictly adhering to established experimental protocols [49]. Jingjie PTM Biolab completed the phytohormone assay for this experiment.




4.3. Determination of Transcriptomics


Transcriptomics experiments were performed by Huada Gene Science and Technology Research Co., Shenzhen, China. The apparatus and reagents, as well as the method of operation, are identical to those of the previous experiment [50]. The following are the primary steps:



The whole RNA was processed and purified using the CTAB technique. After that, single-stranded circular DNA libraries were created, and at last, high-throughput sequencing was applied. SOAPnuke (v1.4.0) was used for filtering in order to obtain precise sequencing data. The clean reads were de novo assembled by Trinity, and the assembled transcripts were subsequently clustered and de-redundant using CD-HIT, thereby obtaining unigenes. The assembled data were annotated in KEGG, GO, NR, NT, Pfam, KOG and SwissProt.



Bowtie2 was used to compare clean reads to reference gene sequences. Each gene’s and transcript’s expression levels were then determined. The FPKM method was utilized to determine the differentially expressed genes (DEGs) present in R. chrysanthum leaves under both normal and UV-B stress. Each transcript’s gene expression was then calculated. The thresholds of Qvalue (adjusted p value) < 0.05 and FC (fold change) > 1 were applied to assess the significance of the variations in gene expression.




4.4. Determination of Acetylated Proteomics


Quantitative proteomic assays for acetylation modifications in this study were performed by Jingjie PTM Biolab, Zhejiang, China. The apparatus and reagents, as well as the method of manipulation, followed the existing experiments exactly [12]. The following are the primary steps:



First, plant leaf proteins were extracted from plants that had undergone specific experimental treatments. The relevant protein content was determined using a two-dimensional quantitative analysis kit. Next, enzymatic digestion was performed using trypsin, and the resulting peptides were desalted by a Strata X SPE column. Afterwards, the peptides were further desalted using C18 ZipTips (Millipore, Burlington, ON, Canada) according to the manufacturer’s guidelines. After completing the affinity enrichment of peptides, LCMS/MS analysis was performed. Peptides were subjected to capillary source treatment before analysis on a timsTOF Pro (Bruker Dalton, Billerica, MA, USA) mass spectrometer. Next, the analyzed mass spectrometry data were subjected to in-depth analysis by the MaxQuant search engine (1.6.6.0) and protein annotation in KEGG database. During the experiments, protein N-terminal acetylation, methionine (Met) oxidation, and lysine (Lys) acetylation were defined as variable modifications, whereas aminocarbonamide on cysteine (Cys) was used as a fixed modification. Ultimately, a false discovery rate (FDR) threshold of less than 1% was set and a p-value of less than 0.05 and at least 1.5-fold fold change (FC) were used as screening criteria for differential proteins.



A total of 807 differentially expressed proteins (450 increased in abundance and 357 decreased in abundance) were obtained after UV-B radiation. And 685 acetylated differentially expressed proteins (95 increased in abundance and 590 decreased in abundance) and 945 acetylation sites (104 upregulated and 841 downregulated) were out after UV-B radiation.



Modeling of acetylated protein homology followed previous descriptions [12]. NCBI BLAST was used to look for homologous sequences. Next, the comparative protein modeling platform SWISS-MODEL (https://swissmodel.expasy.org/ (accessed on 6 May 2024)) was utilized to generate a three-dimensional structural model of the acetylated protein.




4.5. Determination of Chlorophyll Fluorescence Parameters


The IMAGING-PAM chlorophyll fluorescence imaging equipment (Heinz Walz, Effeltrich, Germany) was used to calculate the parameters of chlorophyll fluorescence. At the moment of determination, three observation spots were chosen on the leaves of the chosen test materials, and the experiment was run for 30 min following dark adaptation. Table 2’s pertinent parameters were ascertained.




4.6. Data Analysis


Each of the aforementioned experiments was conducted three times, employing a completely randomized experimental design. IBM SPSS was used to conduct the significance analysis (IBM SPSS Statistics 26). One-way analysis of variance (ANOVA) was used as the analysis method. The Pearson correlation test was used to measure correlation, and a 5% cutoff was used. The HCA (hierarchical cluster analysis) visualization was created with the ComplexHeatmap R package (2.9.4). Plotting was carried out using the R package MetaboAnalystR (1.0.1) for orthogonal partial least squares–discriminant analysis (OPLS-DA). It was log2-converted and then centered prior to plotting. The KEGG compound database (http://www.kegg.jp/kegg/compound/ (accessed on 6 May 2024)) was used to annotate metabolites.





5. Conclusions


In this study, R. chrysanthum treated with UV-B and exogenous ABA was analyzed jointly in a multiomics approach. The results showed that exogenous ABA led to changes in the content of R. chrysanthum gibberellins and contributed to the upregulation of antioxidant genes. Exogenous ABA enhanced the resistance of R. chrysanthum to UV-B stress by regulating gibberellin signaling and antioxidant enzyme gene expression. In addition, acetylation of key antioxidant enzymes under UV-B exposure was also important for the positive response of R. chrysanthum to UV-B stress. The results of the findings highlight the role of ABA in plant stress tolerance and provide insights for the development of stress-tolerant plant varieties.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms252413651/s1.





Author Contributions


Writing—original draft preparation, W.Y. and K.C.; writing—review and editing, W.Y.; methodology, K.C.; software, W.Y.; visualization, W.Y. and K.C.; supervision, W.Y. and K.C.; project administration, H.X. and X.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Jilin Province Science and Technology Development Plan Project (YDZJ202301ZYTS517).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data used in this study are available from the corresponding author on submission of a reasonable request.




Acknowledgments


We are grateful to Jingjie PTM Biolab (Hangzhou, China) Co., Ltd. for providing mass spectrometry support.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Rai, N.; Morales, L.O.; Aphalo, P.J. Perception of solar UV radiation by plants: Photoreceptors and mechanisms. Plant Physiol. 2021, 186, 1382–1396. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Hollósy, F. Effects of ultraviolet radiation on plant cells. Micron 2002, 33, 179–197. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Bajgar, R.; Moukova, A.; Chalupnikova, N.; Kolarova, H. Differences in the Effects of Broad-Band UVA and Narrow-Band UVB on Epidermal Keratinocytes. Int. J. Environ. Res. Public Health 2021, 18, 12480. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Barlev, A.; Sen, D. DNA’s Encounter with Ultraviolet Light: An Instinct for Self-Preservation? Acc. Chem. Res. 2018, 51, 526–533. [Google Scholar] [CrossRef] [Scilit]

	



Björn, L.O. Photoenzymes and Related Topics: An Update. Photochem. Photobiol. 2018, 94, 459–465. [Google Scholar] [CrossRef] [Scilit]

	



Procópio, L.; Pádula, M.; van Elsas, J.D.; Seldin, L. Adaptative transcriptional response of Dietzia cinnamea P4 strain to sunlight simulator. Arch. Microbiol. 2020, 202, 1701–1708. [Google Scholar] [CrossRef] [Scilit]

	



Fu, S.; Xue, S.; Chen, J.; Shang, S.; Xiao, H.; Zang, Y.; Tang, X. Effects of Different Short-Term UV-B Radiation Intensities on Metabolic Characteristics of Porphyra haitanensis. Int. J. Mol. Sci. 2021, 22, 2180. [Google Scholar] [CrossRef] [Scilit]

	



Kawasaki, K.; Iwasaki, H. Involvement of glycogen metabolism in circadian control of UV resistance in cyanobacteria. PLoS Genet. 2020, 16, e1009230. [Google Scholar] [CrossRef] [Scilit]

	



Zhang, Q.; Li, Y.; Cao, K.; Xu, H.; Zhou, X. Transcriptome and proteome depth analysis indicate ABA, MAPK cascade and Ca2+ signaling co-regulate cold tolerance in Rhododendron chrysanthum Pall. Front. Plant Sci. 2023, 14, 1146663. [Google Scholar] [CrossRef] [Scilit]

	



Sun, Q.; Liu, M.; Cao, K.; Xu, H.; Zhou, X. UV-B Irradiation to Amino Acids and Carbohydrate Metabolism in Rhododendron chrysanthum Leaves by Coupling Deep Transcriptome and Metabolome Analysis. Plants 2022, 11, 2730. [Google Scholar] [CrossRef] [Scilit]

	



Yu, W.; Gong, F.; Cao, K.; Zhou, X.; Xu, H. Multi-Omics Analysis Reveals the Molecular Mechanisms of the Glycolysis and TCA Cycle Pathways in Rhododendron chrysanthum Pall. under UV-B Stress. Agronomy 2024, 14, 1996. [Google Scholar] [CrossRef] [Scilit]

	



Liu, M.; Sun, Q.; Cao, K.; Xu, H.; Zhou, X. Acetylated Proteomics of UV-B Stress-Responsive in Photosystem II of Rhododendron chrysanthum. Cells 2023, 12, 478. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Chen, Z.; Dong, Y.; Huang, X. Plant responses to UV-B radiation: Signaling, acclimation and stress tolerance. Stress Biol. 2022, 2, 51. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Nawkar, G.M.; Maibam, P.; Park, J.H.; Sahi, V.P.; Lee, S.Y.; Kang, C.H. UV-Induced cell death in plants. Int. J. Mol. Sci. 2013, 14, 1608–1628. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Yokawa, K.; Baluška, F. Pectins, ROS homeostasis and UV-B responses in plant roots. Phytochemistry 2015, 112, 80–83. [Google Scholar] [CrossRef] [Scilit]

	



Quaite, F.E.; Takayanagi, S.; Ruffini, J.; Sutherland, J.C.; Sutherland, B.M. DNA Damage Levels Determine Cyclobutyl Pyrimidine Dimer Repair Mechanisms in Alfalfa Seedlings. Plant Cell 1994, 6, 1635–1641. [Google Scholar] [CrossRef] [Scilit]

	



Rao, M.V.; Paliyath, G.; Ormrod, D.P. Ultraviolet-B- and Ozone-Induced Biochemical Changes in Antioxidant Enzymes of Arabidopsis thaliana. Plant Physiol. 1996, 110, 125–136. [Google Scholar] [CrossRef] [Scilit]

	



Tevini, M.; Iwanzik, W.; Thoma, U. Some effects of enhanced UV-B irradiation on the growth and composition of plants. Planta 1981, 153, 388–394. [Google Scholar] [CrossRef] [Scilit]

	



Liu, T.; Li, C.X.; Zhong, J.; Shu, D.; Luo, D.; Li, Z.M.; Zhou, J.Y.; Yang, J.; Tan, H.; Ma, X.R. Exogenous 1′,4′-trans-Diol-ABA Induces Stress Tolerance by Affecting the Level of Gene Expression in Tobacco (Nicotiana tabacum L.). Int. J. Mol. Sci. 2021, 22, 2555. [Google Scholar] [CrossRef] [Scilit]

	



Huan, L.; Jin-Qiang, W.; Qing, L. Photosynthesis product allocation and yield in sweet potato with spraying exogenous hormones under drought stress. J. Plant Physiol. 2020, 253, 153265. [Google Scholar] [CrossRef] [Scilit]

	



Zhang, Z.; Chen, J.; Lin, S.; Li, Z.; Cheng, R.; Fang, C.; Chen, H.; Lin, W. Proteomic and phosphoproteomic determination of ABA’s effects on grain-filling of Oryza sativa L. inferior spikelets. Plant Sci. 2012, 185–186, 259–273. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Kosakivska, I.V.; Vedenicheva, N.P.; Babenko, L.M.; Voytenko, L.V.; Romanenko, K.O.; Vasyuk, V.A. Exogenous phytohormones in the regulation of growth and development of cereals under abiotic stresses. Mol. Biol. Rep. 2022, 49, 617–628. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Lange, T.; Pimenta Lange, M.J. The Multifunctional Dioxygenases of Gibberellin Synthesis. Plant Cell Physiol. 2020, 61, 1869–1879. [Google Scholar] [CrossRef] [Scilit]

	



Sun, T.-p. Gibberellin-GID1-DELLA: A Pivotal Regulatory Module for Plant Growth and Development. Plant Physiol. 2010, 154, 567–570. [Google Scholar] [CrossRef] [Scilit]

	



Sah, S.K.; Reddy, K.R.; Li, J. Abscisic Acid and Abiotic Stress Tolerance in Crop Plants. Front. Plant Sci. 2016, 7, 571. [Google Scholar] [CrossRef] [Scilit]

	



Ko, J.H.; Yang, S.H.; Han, K.H. Upregulation of an Arabidopsis RING-H2 gene, XERICO, confers drought tolerance through increased abscisic acid biosynthesis. Plant J. 2006, 47, 343–355. [Google Scholar] [CrossRef] [Scilit]

	



Yamaguchi, S. Gibberellin metabolism and its regulation. Annu. Rev. Plant Biol. 2008, 59, 225–251. [Google Scholar] [CrossRef] [Scilit]

	



Vanstraelen, M.; Benková, E. Hormonal interactions in the regulation of plant development. Annu. Rev. Cell Dev. Biol. 2012, 28, 463–487. [Google Scholar] [CrossRef] [Scilit]

	



Achard, P.; Cheng, H.; De Grauwe, L.; Decat, J.; Schoutteten, H.; Moritz, T.; Van Der Straeten, D.; Peng, J.; Harberd, N.P. Integration of plant responses to environmentally activated phytohormonal signals. Science 2006, 311, 91–94. [Google Scholar] [CrossRef] [Scilit]

	



Colebrook, E.H.; Thomas, S.G.; Phillips, A.L.; Hedden, P. The role of gibberellin signalling in plant responses to abiotic stress. J. Exp. Biol. 2014, 217, 67–75. [Google Scholar] [CrossRef] [Scilit]

	



Magome, H.; Nomura, T.; Hanada, A.; Takeda-Kamiya, N.; Ohnishi, T.; Shinma, Y.; Katsumata, T.; Kawaide, H.; Kamiya, Y.; Yamaguchi, S. CYP714B1 and CYP714B2 encode gibberellin 13-oxidases that reduce gibberellin activity in rice. Proc. Natl. Acad. Sci. USA 2013, 110, 1947–1952. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Achard, P.; Gong, F.; Cheminant, S.; Alioua, M.; Hedden, P.; Genschik, P. The cold-inducible CBF1 factor-dependent signaling pathway modulates the accumulation of the growth-repressing DELLA proteins via its effect on gibberellin metabolism. Plant Cell 2008, 20, 2117–2129. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Hirano, K.; Kouketu, E.; Katoh, H.; Aya, K.; Ueguchi-Tanaka, M.; Matsuoka, M. The suppressive function of the rice DELLA protein SLR1 is dependent on its transcriptional activation activity. Plant J. 2012, 71, 443–453. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Gong, F.; Zhou, X.; Yu, W.; Xu, H.; Zhou, X. Carotenoid Accumulation in the Rhododendron chrysanthum Is Mediated by Abscisic Acid Production Driven by UV-B Stress. Plants 2024, 13, 1062. [Google Scholar] [CrossRef] [Scilit]

	



Achard, P.; Renou, J.P.; Berthomé, R.; Harberd, N.P.; Genschik, P. Plant DELLAs restrain growth and promote survival of adversity by reducing the levels of reactive oxygen species. Curr. Biol. 2008, 18, 656–660. [Google Scholar] [CrossRef] [Scilit]

	



Ubeda-Tomás, S.; Federici, F.; Casimiro, I.; Beemster, G.T.; Bhalerao, R.; Swarup, R.; Doerner, P.; Haseloff, J.; Bennett, M.J. Gibberellin signaling in the endodermis controls Arabidopsis root meristem size. Curr. Biol. 2009, 19, 1194–1199. [Google Scholar] [CrossRef] [Scilit]

	



Hameed, A.; Sharma, I.; Kumar, A.; Azooz, M.M.; Ahmad Lone, H.; Ahmad, P. Chapter 6—Glutathione Metabolism in Plants under Environmental Stress. In Oxidative Damage to Plants; Ahmad, P., Ed.; Academic Press: San Diego, CA, USA, 2014; pp. 183–200. [Google Scholar]

	



Sies, H.; Berndt, C.; Jones, D.P. Oxidative Stress. Annu. Rev. Biochem. 2017, 86, 715–748. [Google Scholar] [CrossRef] [Scilit]

	



Payton, P.; Webb, R.; Kornyeyev, D.; Allen, R.; Holaday, A.S. Protecting cotton photosynthesis during moderate chilling at high light intensity by increasing chloroplastic antioxidant enzyme activity. J. Exp. Bot. 2001, 52, 2345–2354. [Google Scholar] [CrossRef] [Scilit]

	



Kornyeyev, D.; Logan, B.A.; Payton, P.R.; Allen, R.D.; Holaday, A.S. Elevated chloroplastic glutathione reductase activities decrease chilling-induced photoinhibition by increasing rates of photochemistry, but not thermal energy dissipation, in transgenic cotton. Funct. Plant Biol. 2003, 30, 101–110. [Google Scholar] [CrossRef] [Scilit]

	



Flohe, L.; Günzler, W.A.; Schock, H.H. Glutathione peroxidase: A selenoenzyme. FEBS Lett. 1973, 32, 132–134. [Google Scholar] [CrossRef] [Scilit]

	



Tanwir, K.; Amna; Javed, M.T.; Shahid, M.; Akram, M.S.; Ali, Q. Chapter 32—Antioxidant defense systems in bioremediation of organic pollutants. In Handbook of Bioremediation; Hasanuzzaman, M., Prasad, M.N.V., Eds.; Academic Press: Cambridge, MA, USA, 2021; pp. 505–521. [Google Scholar]

	



Narita, T.; Weinert, B.T.; Choudhary, C. Functions and mechanisms of non-histone protein acetylation. Nat. Rev. Mol. Cell Biol. 2019, 20, 156–174. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Sun, Q. The Hydrophobic Effects: Our Current Understanding. Molecules 2022, 27, 7009. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Bosshard, H.R.; Marti, D.N.; Jelesarov, I. Protein stabilization by salt bridges: Concepts, experimental approaches and clarification of some misunderstandings. J. Mol. Recognit. 2004, 17, 1–16. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Lyu, J.; Wang, C.; Liang, D.Y.; Liu, L.; Pandey, L.K.; Xu, H.W.; Zhou, X.F. Sensitivity of wild and domesticated Rhododendron chrysanthum to different light regime (UVA, UVB, and PAR). Photosynthetica 2019, 57, 841–849. [Google Scholar] [CrossRef] [Scilit]

	



Zhou, X.; Gong, F.; Cao, K.; Xu, H.; Zhou, X. Calcium signaling regulates the accumulation of phenolic acids in response to UV-B stress in Rhododendron chrysanthum Pall. Plant Cell Rep. 2024, 43, 224. [Google Scholar] [CrossRef] [Scilit]

	



Gong, F.; Yu, W.; Zeng, Q.; Dong, J.; Cao, K.; Xu, H.; Zhou, X. Rhododendron chrysanthum’s Primary Metabolites Are Converted to Phenolics More Quickly When Exposed to UV-B Radiation. Biomolecules 2023, 13, 1700. [Google Scholar] [CrossRef] [Scilit]

	



Sun, Q.; Li, X.; Sun, L.; Sun, M.; Xu, H.; Zhou, X. Plant hormones and phenolic acids response to UV-B stress in Rhododendron chrysanthum pall. Biol. Direct 2024, 19, 40. [Google Scholar] [CrossRef] [Scilit]

	



Yu, W.; Gong, F.; Zhou, X.; Xu, H.; Lyu, J.; Zhou, X. Comparative Metabolomics and Transcriptome Studies of Two Forms of Rhododendron chrysanthum Pall. under UV-B Stress. Biology 2024, 13, 211. [Google Scholar] [CrossRef] [Scilit]








[image: Ijms 25 13651 g001] 





Figure 1. Changes in GA content under UV-B and exogenous ABA treatments. The data were analyzed by ANOVA. If the differences were significant, Duncan’s test was used to distinguish mean differences at the p < 0.05 level. Data are presented as means ± SD (standard deviation), based on three biological replicates (n = 3). Different lowercase letters denote statistically significant differences at p < 0.05 among the various treatments within the same group. 
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Figure 2. Changes in chlorophyll fluorescence parameters of UV-B with exogenous hormone treatments (ABA and GA3). (A) Y(II) fold plot of UV-B radiation treatment; (B) ETR fold plot of UV-B radiation treatment; (C) Y(II) fold plot of UV-B and exogenous hormone treatment; (D) ETR fold plot of UV-B and exogenous hormone treatment; (E) bar graph of photosynthetic performance indices for UV-B and exogenous hormone treatments. The data were analyzed by ANOVA. If the differences were significant, Duncan’s test was used to distinguish mean differences at the p < 0.05 level. Data are presented as means ± SD (standard deviation), based on three biological replicates (n = 3). Different lowercase letters denote statistically significant differences at p < 0.05 among the various treatments within the same group. 






Figure 2. Changes in chlorophyll fluorescence parameters of UV-B with exogenous hormone treatments (ABA and GA3). (A) Y(II) fold plot of UV-B radiation treatment; (B) ETR fold plot of UV-B radiation treatment; (C) Y(II) fold plot of UV-B and exogenous hormone treatment; (D) ETR fold plot of UV-B and exogenous hormone treatment; (E) bar graph of photosynthetic performance indices for UV-B and exogenous hormone treatments. The data were analyzed by ANOVA. If the differences were significant, Duncan’s test was used to distinguish mean differences at the p < 0.05 level. Data are presented as means ± SD (standard deviation), based on three biological replicates (n = 3). Different lowercase letters denote statistically significant differences at p < 0.05 among the various treatments within the same group.



[image: Ijms 25 13651 g002a][image: Ijms 25 13651 g002b]







[image: Ijms 25 13651 g003a][image: Ijms 25 13651 g003b][image: Ijms 25 13651 g003c] 





Figure 3. Alterations in DEGs linked to antioxidant activity in reacting to exogenous ABA and UV-B. (A) Statistics of the number of antioxidant enzyme-related DEGs in each comparative group (MN, NQ and MQ); (B) Wayne’s plots of antioxidant enzyme-related DEGs in each comparative group; (C–E) clustering heatmaps of antioxidant enzyme-related DEGs in each comparative group. The expression of relevant DEGs in the graphs is indicated by color. Redder color indicates higher relative expression, and greener color indicates lower. 
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Figure 4. Diagram of the pattern of gibberellin biosynthesis and signaling pathways. (A) Diagram of the pattern of gibberellin biosynthesis pathway; (B) Diagram of the pattern of gibberellin signaling pathway. The expression of relevant DEGs in the graph is indicated by color. Redder colors indicate higher relative expression, and greener colors indicate lower expression. Solid arrows represent direct connections, and dashed arrows represent indirect connections. The standard deviation is indicated by error bars, whereas the mean of three biological replicates (n = 3) is represented by bar heights. Significant differences (p < 0.05) are indicated by different lowercase letters. 
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Figure 5. Quality assessment and annotation of broadly targeted metabolomics data. (A,B) PCA analysis of metabolites detected in different samples. PC1 and PC2 represent the first and second principal components, respectively. Different colored dots represent samples from different treatment groups; (C,D) stability assessment of the UPLC-MS/MS system. Quality control (QC) samples were prepared from a mixture of sample extracts and used to analyze the reproducibility of the samples under the same treatments. The Pearson’s correlation coefficient R2 between the QC samples was calculated using the relative quantitative values of the metabolites. The correlation between the QC samples was very strong (R2 close to 1), which indicates that the assay process is very stable, and the data quality is high. (E) Overview of class I information for metabolites. The height of the bars represents the number of metabolites. Positive and negative patterns represent different scanning methods. 
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Figure 6. Simplified model of the glutathione metabolic pathway for UV-B versus exogenous ABA treatment. Relevant metabolites and gene content are indicated by heat map bars. For DEGs, redder colors indicate higher relative expression, and greener colors indicate lower. For DMs, the more purple color indicates higher relative expression, and the greener color indicates lower. “*” indicates significant differences. 
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Figure 7. Correlation analysis between UV-B and exogenous ABA treatment of gibberellin biosynthesis and signaling related DEGs with glutathione metabolic pathway related DEGs and DMS. The yellow line represents positive correlation and the blue line represents negative correlation (|R2| > 0.8). 
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Figure 8. Stereo structure of key antioxidant proteins of R. chrysanthum. (A) Stereo structure of glutathione reductase of R. chrysanthum; (B) Stereo structure of glutathione peroxidase of R. chrysanthum; (C) Stereo structure of L-ascorbate peroxidase of R. chrysanthum. The standard deviation is indicated by error bars, whereas the mean of three biological replicates (n = 3) is represented by bar heights. Significant differences (p < 0.05) are indicated by different lowercase letters. 
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Table 1. Treatment of experimental materials.
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Groups

	
Culture Medium

	
Radiation Mode

	
Radiation Duration






	
M

	
1/4 MS

	
PAR 50 μmol/(m2s)

	
Two days, 8 h per day




	
N

	
1/4 MS

	
PAR 50 μmol/(m2s) + UV-B (2.3 W/m2)




	
Q

	
1/4 MS + ABA (100 µM)

	
PAR 50 μmol/(m2s) + UV-B (2.3 W/m2)




	
GA

	
1/4 MS + GA3 (100 µM)

	
PAR 50 μmol/(m2s) + UV-B (2.3 W/m2)











 





Table 2. Chlorophyll fluorescence parameters and calculation formulae.






Table 2. Chlorophyll fluorescence parameters and calculation formulae.





	Chlorophyll Fluorescence Parameters
	Formulas





	Y(II) (Photochemical yield of PSII)
	(Fm’ − F)/Fm’



	Fv/Fm (Maximal photochemical efficiency of PSII)
	(Fm − Fo)/Fm



	ETR (actual electron transport rate)
	PPFD·ΦPSII·0.85·0.5



	NPQ (non-photochemical quenching)
	(Fm − Fm′)/Fm′



	qL (photochemical quenching)
	1 − (Fm′ − Fo′)/(Fm − Fo)
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).



























media/file13.jpg
St

Gibberellin biosynthesis pathway

Geranylgerany] diphosphic

e e P
E
siberlin &
et s@ et

aas aax

e R

Gan uAsv m.,
aibercin siterslin aiberelin
Iheadonygenase mmm.‘ o - |
GAi-cabolitc omx«‘.mm GAStcabolic
ox ibrein
Sbettonygensse
.

st vt
2 w,.m et 337@3?‘

“ons Gas-caabaic

Gibberellin signaling pathway.

)





media/file8.jpg
related DEGs in MN
e G

I Ty Nz g2 2
I TRINITY DNIO22S <0 51 i1-A1
R o st

TRINITY_DN2879_cl g1 3-A1
TRINITY_DNAO0T 6352 i1-AL
TRINITY_DN904_60_g1il-A1  Group

Antioxidant activity

TRINITY DNTo0Lc02 1AL B 5
TRINITY DN co gt 21 B N
TRINITY_DNS1_c0_g1i1-A1

TRINITY DNS360_c0 g1 i3

TRINITY_DN40_c0_g2 i1-A1 i Shiabione hcine

TRINITY DN9O9 €0 63 2-M1 I hation oo
| TRINTY DN g1 Al B Loscortepenidse

TRINITY DNSG22 <0 i1-A1 B supcoside s e iy
[ TRINITY DN2901 g1 it micrnoms posagodin sy
N

Gop MIM2 M NI N2

©

Antioxidant ac Gs in MQ
G

TRINITY DN2124 60 52 ™
TNy DNaESE St 51 AT
TRINTY NS0 50 51 1)
TRINITY-DN2308 g3 A1
TRINITY DNIOTSS <081 A1
TRINTY-DN3S2 61 51 Al
TRINITY DNIO228 6051 A1
TRINITY DI04 60 £ F-A)
TRINTY NG4S <0 5141\
TRINITY DN 7904 50 51-11-A1
TRNTY DNMoT S8 1AL g
TRINTY DI cI 413 AL
TRNTY DN srdaal M Q
TRINITY D717 60 51T

TRINITY DNI4S11 €0 81 3 A1
TRINTY D360 5117 AL
TRINTY DNISS 13 G051 AT g
TRINTY DNIS1S 081 1A T

TRINITY NG co g1 ni 0 s
TRINITY NG G0 8 Al I pomidse
TRINITY DN 5052 11-A1 o
TRINTY NS e gl
TRINITY-DNSAD o055 AL [E——
TRINITY DNIOGD <051 A1 . ghtaion Stamirne

TRV DNk 1A oy

TRINITV DNISSS SO STTEAL I tiormdniodpemicnt persindrin
TRINTY N385 a1 $1°15A1 ghiarsdorin

TRNTY DN c1 B A g

TRINITY DNGGSS a3 sogr B b
TRINITY DNSU0 S0 S1 M AL sopcroniedsmutse, Fe iy
TRINITY DNSIO0S <031 (A1 I speronde dumte, Cu 0 iy

TRINTY-DNTI70 6 51 A1
TRINITY DN20901 s si-a1 -
TRNTY DN el ) B oot
TRINTY DNIOS1 0 2] a1 Poinirsd

TINITY-DNIOSI <0 51 A1 shiathion g i
TRINITY DNISIRS CO41 1A ovbiteCod g

TRINTY DNSS1L 6 51 AL e e

TRINTY DNoO a1 il A1 B osid b e
TRINITY-DNGLES S0 511 AT 0 shircdosdepenientprosicdosin

Gop M MMoQ @ @

®





media/file27.png





media/file18.png
PC2 (19.34%)

400
350
300

Positive mode

PC2 (10.82%)

Negative mode

Group
) M

40 - ® N
* Q

20-

O"*

_20_

_40_

_60_

20 -18 -16 -14 -12 -10 -8
PC1 (67.58%)
(B)
Negative mode

|

oCl 0.995
0.99
0.985
0.98

QC2-

QC3

QC2 QC3

QCl

(D)

Statistics of class I classification information for metabolites

' Group
® N
* Q
M2
4 l'
_10 -
20 10 0 10
PC1 (43.14%)
(A)
Positive mode
R2
1
QCl1
0.94
0.92
QC2-
QC3-
QCl1 QC2 QC3
(@)
351
307

250
200
150
100

50

A: Alkaloids
B: Amino acids and derivatives
C: Flavonoids

D: Lignans and Coumarins

E: Lipids

F: Nucleotides and derivatives
G: Organic acids

H: Phenolic acids

I: Quinones

J: Steroids

K: Tannins

M Positive mode

B Negative mode

128

L: Terpenoids
M: Others






media/file21.jpg
e <L o QU S
T et 1 A Ay T
porpsraroR]
Eiaboe p——
e~ JPTRTS——
S er ariin
i Nt
P ™ iy
TRINITY_DN1232 60 s A TRINIV DNSHTS @ 1 11A1(DELLA)
T ot S o B

TRNITY D@2 1A LA

gt
P
@ Gl sl iy

@ Aadisliint e gl serounid il

Niabolis sl i he gshions b piay
fie giubioee etbili puivey





media/file26.png
L-ascorbate peroxidase (30, 52)

H PAR B UV-B

[ T T T T T 1
N N N n = n O
(@l el =

souepunge urdjoid aane[oy

Structure of the salt bridge cubes

Stereo structure of acetylation sites  Stereo structure of hydrophobic clusters
(©)

Lys 52

Lys 30





media/file3.jpg
yan

L — PAR s 1)
@ ®
Yy . C -
s
s
T m w0 s e W m we w0 w0 e
PYgr—— AR orns )
© ®





media/file22.png
TRINITY DN2105 @ gl il-Al (DELLA)

TRINITY_DN8237 €0 gl_i3-Al (DE INITY DN5022_@ g2 i2-Al (DELLA)
TRINITY DN13838 c0 gl@il-Al (e € OX1 - T
N939 gl 11-Al (DELLA)
TRINITY DN11232 c0 gl 1 (ent-kaurene syntha - -
TRINITY DN13996 ¢l gl il- : = = 835 c0 gl 12481 (bHLH, Circadian rhythm )
R iZeA 1 (bHLH, Circadian rhythm )
TRINITY DN8934 @=ei=i o i S
T 20 gl 11-Al (GID1)
TRINITY DN3945
- = -asco peroxidase)
TRIN S “DN19341 @ ¢l 11-Al1 (DELLA)
TRINITY DN13827 c0 gl@T=AT (ent-
) g2 11-Al (DELLA)
TRINITY DNS836 | “12-A1(HL I
2 1 (bHLH, Circadian rhythm )
TRINITY DN1461 ¢ - = o2 il-Al (GIDI)
T = 1dase
TRINITY DNI1018@0-g2 11-Al @ ¢l i5-Al (bHLH)

TRINITY DN4917 c0 gl il-A@(gibbefellinIbeta- e ate ) g2_1l-Al (DELLA)

. ‘@-Al (gibberellin 13-oxidase)
TRINITY DN836 €)—gd— ctase
- > Y™ S - 1 (bHLH, Circadian rhythm )
TRINITY _DN2741 —gl 11-Al (GID2) Y D “@ ¢l il-Al (DELLA)
TRINITY_DN11232_CO_g1_ 3-Al (e t-kaurene Sy S€ TRIN DNS587 gl 11-A1 (DELLA)
TRINITY DNI1461@0 gl i2-Al (b TRINITY DNI13814 @ g2 il-Al (DELLA)

TRINITY DN10553 @ g2 il-Al (DELLA)

legend

@ Gibberellin biosynthetic pathway

@ Gibberellin signaling pathway

@ Metabolites associated with the glutathione metabolic pathway

0 Antioxidant enzyme genes associated with the glutathione metabolic pathway





media/file14.jpg
wE

[—

b

s

Gibberellin signaling pathway

Circadian thythm- plant
Py related TFs

®)

=

Glathione metbolisn






media/file19.jpg
&

pabon ,VJ; s
l;% Y"(— A“:&;
-

‘,,,_mm





media/file7.jpg
B
e
o

soa pes
oo R o

xo

Mo
w

®





media/file10.png
mUP
EDOWN

NQ

4
—

f T T T T T T 1
V) (e} Vol (e} v (e} v (@)
(qp) on @\ (@\ — —

SDAA pareol
|b@>ﬁ—om JuepIixonuy Jo Joquuni

(B)

)

A

(





media/file5.png
Y(II)

0.9 - —o—PAR
0.8 4
~o-UV-B
0.7 A
0.6 A
0.5 A
0.4 A
0.3 A
0.2 -
0.1 A
O I 1 1 1 1 1
0 100 200 300 400 500 600
PAR (photons pumol-m=2-s71)
(A)
Y (II)
—-PAR
—-UV-B
~o-UV-B+ABA
~—UV-B+GA3
O 1 1 1 1 1 1
0 100 200 300 400 500 600
PAR (photons umol-m=2-s7!)
(€)

25

20

15

10

25

20

15

ETR
——PAR

-o-UV-B

100 200 300 400 500 600
PAR (photons pmol-m™2-s71)

(B)

ETR
—o-PAR
~-UV-B
-o-UV-B+ABA
——UV-B+GA3

100 200 300 400 500 600
PAR (photons umol-m=2-s7!)
(D)





media/file15.png
- M | N [ O
IM1]M2M3|N1[N2|N3|Q1|Q2[Q3]

Gibberellin biosynthesis pathway
—2 0 2
HCE/\QCH:’ OH HO K h P N
HsC HsC HsC HsC oH oH € 2 _onll_o-P-o-p-oH ent-kaurene synthase - aC
HyC™ X X o-p-0-p-oH ¥ 0 O p— > —
HaC CH, H3C CHs
Geranylgeranyl diphosphate ent-Copalyl diphosphate l ent-Kaurene
H3C CH, H~C . H-C CH» .
: _ent- kaurene oxidase 3% ent-kaurene oxidase & ent-kaurene oxidase
HaC 2 R o .
HO © HaC § HaC :\OH
Kaurenic acid Kaurenal Kaurenol
o o e oH Gibberellin LOH
< ? 3 : 13-oxidase HoC otte
. oH < OH : > OH
'L%—Q\CH? o HO—Q‘;CH? . Ho—gi;cm o
GA14 GA12 GAS3
| . . v v
gibberellin oH o H
3beta-dioxygenase @ ? ‘
< > OH
o R (g
HaC 0 HaC o7Non  CH2
GA4 GA9 GA20
gibberellin gibberellin 1? gibberellin
2beta-dioxygenase | I 2beta-dioxygenase | 2beta-dioxygenase | [
\OH
‘ HO\? t") CH, - ;ﬁégfcm
OH OH
H
HaC II/ o é: T)F
GA34 GASI GA29
gibberellin 1? gibberellin 1, gibberellin 1?
2beta-dioxygenase | 2beta-dioxygenase | I - 2beta-dioxygenase | I |
OH
CH,
o
HO” t&'*
H S H sV H
HO—%CH:; o) HO—%OCH:; o) HO_%OCH:’ o
GA34-catabolite GAS51-catabolite GAS1-catabolite
O H
AE 1
» ”:O mOH €
»Ho A <
Ry (i
HO Yo  CHe
O H GA3 gibberellin
'@j:‘ oH 3beta-dioxygenase
P HO” ™S T <
H A A
H3C BEEE O .
’ HOLO CHz
GAl
gibberellin o 0 H gibberellin OH o
‘ 2beta-dioxygenase ‘ ' 2beta-dioxygenase o -
> v . " OH >
HO” I 1 Mo S,y
HSCHO/LO CH, #? HO—& CH3 (0]
GAS GAS8-catabolite

[ Gibberellin signaling pathway J

(A)





media/file6.png
0.8

0.6 1

0.4 1

0.2 1

Fv/Fm

Chlorophyll fluorescence-related parameters

(E)

a

B PAR

UV-B
W UV-B+ABA
B UV-B+GA3





nav.xhtml


  ijms-25-13651


  
    		
      ijms-25-13651
    


  




  





media/file11.png
Antioxidant activity-related DEGs in MN

s Group
TRINITY DN2124 c0 g2 i2-Al [ ’
) TRINITY DN19225 c0 gl il-Al :
TRINITY DN2204 c0 g4 il-Al
TRINITY DN2579 cl gl i3-Al l_ 1
TRINITY DN4007 c3 g2 il-Al
TRINITY DN7904 c0 gl il-A1  Group
TRINITY DN7904 c0 g2 il-A1 B M
TRINITY DN8137 c0 gl i2-A1 M N
TRINITY DNI14511 c0 gl il-Al
TRINITY DNS5360 c0 gl i3-Al
- TRINITY_DN840_c0_g2 il-Al B
TRINITY_DN909_c0_g3_i2-Al I glutathione peroxidase
TRINITY DN93 c0 gl il-Al B L-ascorbate peroxidase
=
B

glutathione reductase

peroxidase

superoxide dismutase (Fe-Mn family)

TRINITY DN8632 c0 gl il-Al
TRINITY DN20901 c0 gl il-Al

microsomal prostaglandin-E synthase 2

Group MI M2 M3 NI N2 N3

(©)

Antioxidant activity-related DEGs in MQ
e Group

TRINITY DN2124 c0 g2 12-Al )
[ TRINITY DN3352 ¢0 gl i2-Al
TRINITY DN879 ¢0 gl 1l-Al
TRINITY DN2204 ¢0 g4 il-Al -0
TRINITY DN10785 ¢0 gl il-Al
TRINITY DN2579 cl gl 12-Al l
TRINITY DN19225 ¢0 gl il-Al —2
TRINITY DN7904 c0 g2 il-Al
TRINITY DN6413 ¢0 gl il-Al
TRINITY DN7904 ¢0 gl il-Al
TRINITY DN4007 ¢3 g2 il-Al B M
TRINITY DN2579 ¢l gl i3-Al
' TRINITY DN8137 0 gl i2-A1 = Q
- TRINITY DN7817 ¢0 gl il-Al
TRINITY DNI14511 c0 gl il-Al
TRINITY DNI13313 ¢0 gl i7-Al
| TRINITY_DN13313_¢c0_gl_i8-Al B glutathione reductase
TRINITY DNI13313 ¢0 gl i16-Al : .
TRINITY DN5360 c0 gl 3-Al . thioredoxin reductase
TRINITY DN840 c0 g2 i3-Al peroxidase
TRINITY DN840 ¢0 g2 il-Al
TRINITY DNO93 c0 gl il-Al
TRINITY DN840 ¢0 g5 il-Al
TRINITY DN1060 ¢0 gl i2-Al
TRINITY DN2638 ¢0 gl il-Al
TRINITY DN25245 ¢0 gl il-Al
TRINITY DN259 ¢l gl i3-Al
TRINITY DN259 ¢l gl il-Al
TRINITY DN6838 c0 gl il-Al
TRINITY DN2070 ¢0 gl il-Al
TRINITY DN24908 c0 gl il-Al
TRINITY DN7079 c0 gl i2-Al
TRINITY DN20901 ¢0 gl il-Al
TRINITY DN5683 ¢0 gl i2-Al
TRINITY DN10442 ¢0 gl il-Al
TRINITY DN1081 ¢0 gl i5-Al
TRINITY DN1081 ¢0 gl i3-Al
TRINITY DN25184 ¢0 gl il-Al
TRINITY DN3511 cl gl il-Al
TRINITY DNO9528 ¢0 gl il-Al
TRINITY DN8445 ¢0 gl il-Al

Group

Group

glutathione peroxidase

L-ascorbate peroxidase

glutathione S-transferase
thioredoxin-dependent peroxiredoxin
glutaredoxin 3

catalase

superoxide dismutase, Fe-Mn family
superoxide dismutase, Cu-Zn family
microsomal prostaglandin-E synthase 2
uncharacterized protein

protein lin-54

glutathione dehydrogenase/transfera
oxalate---CoA ligase

acid phosphatase type 7

glutaredoxin-dependent peroxiredoxin

(D)





media/file24.jpg





media/file16.png
ng/g

0.8 1

0.6 -

0.4 -

02

PAR

The content of GAS3

UV-B

UV-B+ABA

Gibberellin signaling pathway

M | N [ Q |
M1|M2|M3|N1|N2|N3]Q1]Q2] Q3]
-

-2 0 2

J GIDI |——{ DELLA |——|—|TFs(bHLH)|—>O

l-ﬁ

DNA

-

.J

Circadian rhythm- plant |
pathway related TFs

[ Glutathione metabolism ]

(B)





media/file2.png
The content of various gibberellins

20 - ® PAR
a = UV-B
18 A a = UV-B+ABA

Content (ng/g )

GAl GA3 GAl5 GAS3





media/file20.png
Glutamate

Cysteine and
metabolism

methionine metaboiism

Glutathione metabolism [

J |

N 0
M1{M2/M3|N1|N2|N3|Q1]|Q2|Q3

Taurine and

hypotaurine metabolism

]

0
HOJKE/\SH
NH,
2 2 o) 0 Q -
l" - H L-Cysteine
NH; Cyaroamino acid
0 0 Pidolic acid Glutamate metabolism
[T A | %k N | _
0
/\)J\ OH
B F T
NHZ
Cys-Gly Glycine
A
N, O
HO WN\_)LN/\WOH \ 4
o oS "o glutathione reductase 0 r ‘/
9N w3 B W0 g WWULOH WNW"”‘—
J, (\)L\' N NH, 0 0 NH, 0
HO™" N OH - )J\/\)L
N, M0 » Glutathione HO” OH gamma-
Oxiglutatione o " 0 W LS ™ NH, Glutamylcysteine
s O g M Oy o S Glutamate
1 bl eppetelo] B
HO OH HO cl) HOI \OH HOO "O
Kol 0=P-OH
H |
NADPH NADP+ o R R
| BN S b § 8wt > (it —
N N
glutathione peroxidase HO" % ﬂ/\g/ or “2N/\(r)f OH
| N R-S-Glutathione = R-S-Cysteinylglycine
l \ 4 HO
Ho A _0_Q°
N +—
H2N/\/\/NH2_> HZN/\/\/N\/\/NHZ —> J\/\)LN/\H/N\)LN/\/\N/\/\/NHZ \/Iig_é
Putrescine Spermidin i Dehydroascorbate
Glutathionylspermidine N | ] L-ascorbate
o HE EENE 1 ENE ¢ peroxidase
NH, '
L-Ornithine NN YN J\/\/”\ isn
sk Spermine NH O SH NH— "0
% - Sy o
HON N, Ascorbate
[ Arginine biosynthesis ] ©

Trypanothione [ =






media/file23.jpg
e et f scsynon e S rctare o bydophti s Strstaeof e sl rd s






media/file1.jpg
Content (ng/g )

GAl

apAR
“uvp
SUV-BABA

GA3





media/file12.png
Antioxidant activity-related DEGs in NQ Group
Group . N

N
TRINITY DN6413 c0 gl il-Al
Group
- O .
TRINITY DN840 c0 g5 il-Al l B peroxidase
. " glutathione S-transferase

Group NI N2 N3 QI Q2 Q3

(E)





media/file9.jpg
Antioxidant activity-

lated DEGs in NQ
oo

TRINITY_DN6S13 <01 i1-A1

®

TRINITY DN, <0 g5 101 ["‘ H

Group.

o
me

Group

perovidase

Jbione S-tmsfersse





media/file4.jpg
Chlorophyll fluorescence-related parameters aPAK

y
of [l
.
:
o b
o
!
< "y

(E)





media/file25.png
Relative protein abundance

i
W
|

[\
]

[o—
W
|

[e—
|

o
W
I

=}
|

Glutathione reductase (166)

a

Lys 166 Stereo structure of acetylation sites  Stereo structure of hydrophobic clusters

(A)

Glutathione peroxidase (136, 172)

p— [\
— W [\ ()]
| | | J

Relative protein abundance
=
(O
|

W PAR = UV-B
a

S
|

-
—‘
-

-
-
-

Lys 136 Lys 172 Stereo structure of acetylation sites Stereo structure of hydrophobic clusters

(B)

Structure of the salt bridge cubes

Structure of the salt bridge cubes





media/file17.jpg
Negative mode.

@
o T
0 5 |5™
& @ 2
¥ |%a
. ‘
i |
5 ‘
S
-10- 60 ‘
“ ®)
s L
. - e |- - =
o w . %
wle w -
e — R
o N
A
- 75 N
e [ il RN
- Eoe
- T
B
= 'F: Nucleotides and derivatives
- s
o
L 1: Quinones.
- i
e
L L Terpenoids.
. Lo






