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A Functional Genomics View of Gibberellin Metabolism in the Cnidarian Symbiont Breviolum minutum
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Dinoflagellate inhabitants of the reef-building corals exchange nutrients and signals with host cells, which often benefit the growth of both partners. Phytohormones serve as central hubs for signal integration between symbiotic microbes and their hosts, allowing appropriate modulation of plant growth and defense in response to various stresses. However, the presence and function of phytohormones in photosynthetic dinoflagellates and their function in the holobionts remain elusive. We hypothesized that endosymbiotic dinoflagellates may produce and employ phytohormones for stress responses. Using the endosymbiont of reef corals Breviolum minutum as model, this study aims to exam whether the alga employ analogous signaling systems by an integrated multiomics approach. We show that key gibberellin (GA) biosynthetic genes are widely present in the genomes of the selected dinoflagellate algae. The non-13-hydroxylation pathway is the predominant route for GA biosynthesis and the multifunctional GA dioxygenase in B. minutum has distinct substrate preference from high plants. GA biosynthesis is modulated by the investigated bleaching-stimulating stresses at both transcriptional and metabolic levels and the exogenously applied GAs improve the thermal tolerance of the dinoflagellate. Our results demonstrate the innate ability of a selected Symbiodiniaceae to produce the important phytohormone and the active involvement of GAs in the coordination and the integration of the stress response.
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INTRODUCTION

Zooxanthellae are a kind of single-celled marine microalgae that live either in the water column as plankton or symbiotically with a variety of marine animals, such as reef-building corals, giant clams, jellyfish, and sea anemones (Jeong et al., 2012). The major symbiotic zooxanthellae are members of the dinoflagellate family Symbiodiniaceae, which has high phylogenetic diversity (Lajeunesse et al., 2018). Annotated genomes are available for several taxa of the family: Symbiodinium microadriaticum (Clade A) (Aranda et al., 2016), Breviolum minutum (Clade B, formerly S. minutum) (Shoguchi et al., 2013), Cladocopium goreaui (Clade C, formerly S. goreaui) (Liu et al., 2018), and Fugacium kawagutii (Clade F, formerly S. kawagutii) (Lin et al., 2015). The dinoflagellate endosymbionts supply their cnidarian hosts with photosynthetic products (Kopp et al., 2015) while benefiting from using CO2 and nutrients in the host’s waste products (Davy et al., 2012). Although reef-building corals provide numerous socio-economic and ecological benefits in addition to high biodiversity (inter alia, tourist and recreational attractions, shoreline protection and fisheries), the global populations of reef systems are declining, partly due to rapid climatic changes, including global warming, ocean acidification, and ultraviolet radiation (Roth, 2014). The loss of algal symbionts or algal pigments is always assumed as critical steps for coral bleaching (Jiang et al., 2021). Therefore, understanding of the stress response and mechanisms underlying these traits of dinoflagellate endosymbionts is critical to the symbiosis stability and the health of the coral systems.

In flowering plants, growth, development, and stress responses are regulated by phytohormones, such as gibberellins (GAs). These hormones regulate crucial and economically relevant processes such as dormancy, germination, growth, and stress responses (Claeys et al., 2014; Hu et al., 2018). Recent evidence suggests that GAs and the associated regulatory mechanisms emerged in an ancient organism before the emergence of land plants (Hu et al., 2018). Orthologs of the GA receptor GID1 have been identified in the bryophyte Physcomitrella patens and the lycophyte Selaginella moellendorffii, which represent ‘basal’ land plants closest to the green algae (Rensing et al., 2008). Expression of the lycophyte gene in GA receptor mutants of rice (Oryza sativa) compensated for their inactive native receptors but the expression of the bryophyte gene did not (Yasumura et al., 2007), suggesting that there are substantial gaps in our understanding of GA evolution. Moreover, accumulating evidence suggests an active involvement of GAs in the biological processes of microalgae (Lu et al., 2010; Piotrowska-Niczyporuk et al., 2012; Stirk et al., 2014), however, it is not known whether the phytohormone is present in symbiotic zooxanthellae, or what functions they may fulfill in those species. Therefore, in this study, we performed a functional genomic study of GA biosynthesis in selected zooxanthellae. Our results show that the GA biosynthesis and inactivation pathways have arisen in dinoflagellate endosymbionts and the GA synthesis is involved in the response of the dinoflagellate B. minutum to bleaching-inducing stresses. Our findings improve the understanding of the GA biosynthesis in Symbiodiniaceae, suggest active involvements of GAs during the responses to environmental stimuli, and provide a potential way to alleviate the severity of the mass bleaching of coral reef ecosystems.



RESULTS AND DISCUSSION


Gibberellin Biosynthesis Is Conserved in the Dinoflagellate Family Symbiodiniaceae

The GA biosynthetic pathway can be divided into three parts. In the first part, geranylgeranylpyrophosphate (GGPP) is converted into ent-copalyl diphosphate by ent-copalyl diphosphate synthase (CPS or GA1) (Sun and Kamiya, 1994) and then into ent-kaurene by ent-kaurene synthase (KS or GA2) (Yamaguchi et al., 1998; Figure 1). Neither Arabidopsis GA1 nor GA2 orthologs were identified in the sampled dinoflagellates, including Symbiodinium microadriaticum, Breviolum minutum, Cladocopium goreaui, and Fugacium kawaguti (Figure 1A). Unlike vascular plants, fungi catalyze ent-kaurene formation from GGPP using a single bifunctional CPS/KS enzyme (Tudzynski et al., 1998). Such a bifunctional enzyme has not been identified in these algae. However, genes encoding ent-kaurene oxidase (KO or GA3) and ent-kaurenoic acid oxidase (KAO) (Helliwell et al., 1999), the enzymes from the second part of the GA-biosynthetic pathway, were identified in every species examined here (Figure 1A). In the third part of the pathway, GA12 and GA53 are further oxidized to other C20- and C19-GAs by a series of 2-oxoglutarate-dependent dioxygenases (2ODDs) (Lange et al., 1994; Israelsson et al., 2004; Figure 1B). In Arabidopsis, the 2ODDs in each of the three families (17 genes in total) act as biosynthetic and catabolic enzymes, respectively. However, far fewer putative 2ODD genes were found in the dinoflagellates. Thus the GA biosynthetic pathway is moderately conserved in evolutionary terms and occur in dinoflagellate species.
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FIGURE 1. GA biosynthetic pathway in representative Symbiodiniaceae. (A) Conservation of GA biosynthetic genes in representative Symbiodiniaceae. The color key indicates the similarity of the gene to its closest match, ranging from low similarity (blue) to high similarity (yellow). Deep blue areas indicate that there were no Blastp hits below the E-value threshold (1e-10). For Arabidopsis genes with more than one isoform, all homologs with Blastp E-values below 1e-10 were selected for further analysis. If only one gene homologous to any of the Arabidopsis isoforms was found in a microalgal genome, it was counted only once. Several algal genes are possibly multi-functional due to their homology to multiple enzymes (Supplementary Dataset 1). (B) GA metabolites and biosynthetic pathway in B. minutum. Pathways are indicated by black arrows. Enzymes are labeled in boxes. Enzymes labeled in yellow have orthologs in B. minutum. Bold green text indicates compounds that are present in B. minutum. See Supplementary Table 1 for details. Sm, Symbiodinium microadriaticum; Bm, Breviolum minutum; Cg, Cladocopium goreaui; Fk, Fugacium kawaguti; CPS, Ent-copalyl diphosphate synthase; KS, Ent-kaur-16-ene synthase; KO, Ent-kaurene oxidase; KAO1, ent-kaurenoic acid oxidase 1; KAO2, ent-kaurenoic acid oxidase 2; GA20ox1, gibberellin 20 oxidase 1; GA3ox1, gibberellin 3-beta-dioxygenase 1; GAMT, S-adenosyl-L-methionine-dependent methyltransferases-like protein; GGPP, geranylgeranylpyrophosphate; CPD, ent-copalyl diphosphate; MeGA, methylated GAs.




Symbiodiniaceae Has Different Dominant Gibberellin Species and Biosynthetic Intermediates Compared With Those of Higher Plants

To validate the genome-based metabolic reconstruction, we then selected B. minutum as a model to exam the presence of GA metabolites in the dinoflagellates. This species is an emerging research model for study on the mutualistic partnerships between dinoflagellate endosymbionts and cnidarian hosts (Davy et al., 2012; Lu et al., 2020; Zhou et al., 2022). Ultra-performance liquid chromatography-electrospray ionization tandem mass spectrometry (UPLC-ESI-MS/MS) revealed that B. minutum contained significant quantities of GAs, with GA51 being the most abundant (Figure 1B and Supplementary Table 1). It thus seems that the GA-synthesis pathway in microalgae involves as-yet-unidentified CPSs and KSs (or may involve an entirely novel route). This is supported by the finding that Arabidopsis ga1 null mutants (GA1 is the single-copy gene that encodes ent-copalyl diphosphate synthase; i.e., CPS), although very severely dwarfed, contain trace quantities of various GAs (Sponsel and Hedden, 2010). GA4 and GA1 are both present in B. minutum (Figure 1B and Supplementary Table 1) and are known to be bioactive in many species including Arabidopsis. GA4 and GA1 are formed from GA9 and GA20, respectively, in plants by the action of GA3 hydroxylase (GA3ox). GA12 and GA53 are the precursors of GA9 and GA20, respectively, and are formed by the action of GA20ox (Figure 1B). In B. minutum, GA53 and GA20 were identified whereas GA12 and GA9 were absent (Figure 1B and Supplementary Table 1).

In many plants, GA12 is converted to GA53 by a GA13ox-catalyzed hydroxylation at C-13. In most plants, the 13-hydroxylation pathway predominates, although in Arabidopsis and some other species, the non-13-OH-pathway is more prevalent (Zanewich and Rood, 1995). In the cytosol, GA53 is converted into various other GAs via parallel pathways. This conversion involves a series of oxidations at C-20, resulting in the eventual loss of C-20 and the formation of C19-GAs. In the non-13-hydroxylation pathway, GA12 is oxidized to produce GA9 (both are absent in B. minutum), via the intermediacy of GA15 and GA24 (both are absent) (Figure 1B and Supplementary Table 1). GA9 is then oxidized to the bioactive compound GA4 (present) by a 3β-hydroxylation reaction (Figure 1B and Supplementary Table 1). In the 13-hydroxylation pathway, GA53 is sequentially oxidized at C-20 to produce GA20 (present), which is then 3β-hydroxylated to yield bioactive GA1 (present) (Figure 1B and Supplementary Table 1). Finally, hydroxylation at C-2 converts GA4 and GA1 into their inactive forms, GA34 (present), GA51 (present), GA29 (absent) and GA8 (present), respectively (Figure 1B and Supplementary Table 1). Therefore, most intermediates from the 13-OH pathway for the synthesis of bioactive GA1 are present in B. minutum, along with intermediates from their deactivation pathways. In contrast, the intermediates from the non-13-OH pathway are absent, but bioactive GA4 and its deactivation forms (GA34 and GA51) are present (Figure 1B). Moreover, the amount of GA51 is relatively higher than the remaining GA forms (Supplementary Table 1). These results may suggest that the non-13-hydroxylation pathway may predominate in B. minutum and the multifunctional GA dioxygenase in B. minutum has a distinct substrate preference from those in Arabidopsis.



Gibberellin Synthesis Is Involved in Various Stress Responses in Breviolum minutum

Little was known about the functional roles of GAs in microalgae, particularly at the molecular level. Although the application of exogenous GAs to microalgal cultures suggests that they may function as stress signals (Park et al., 2013; González-Garcinuño et al., 2016; Yu et al., 2016), the evidence is still inconclusive. We thus probed the possible effects of abiotic stresses on the synthesis of GAs in dinoflagellate endosymbionts. For reef-building corals, the bleaching process is induced by environmental stimuli, such as high light, high temperature, and acidification (Lu et al., 2020; Jiang et al., 2021). Therefore, to probe the physiological relevance of GAs in microalgae, we monitored the transcriptional activities of the committed GA biosynthetic gene GA 20-oxidase (GA20ox1) and GA profiles under the high light, high temperature, and acidification conditions. These time-series datasets unveiled the active involvement and the dynamics of GAs and GA-related transcripts during stress responses in B. minutum (Figure 2).
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FIGURE 2. Transcriptional dynamics of GA biosynthetic gene GA20ox1 in B. minutum during the stress responses. (A) Transcriptional dynamics of GA20ox1 in B. minutum under the thermal stress. (B) Transcriptional dynamics of GA20ox1 in B. minutum under the acidification stress. (C) Transcriptional dynamics of GA20ox1 in B. minutum under the high light stress. Data are presented as means ± SDs (n = 4). The asterisks (*) indicate statistically significant differences (P ≤ 0.05).


In higher plants, GAs play direct or indirect roles in plant responses to abiotic stress (Peleg and Blumwald, 2011). In B. minutum, under the thermal stress, the transcription of GA20ox1 was largely stable where it declined somewhat after the stress onset (p > 0.05; 6 h) and then return to the control level (24 h) (Figure 2A). In contrast, either high light or acidification increased the abundance of GA20ox1 transcripts somehow (Figures 2B,C). Upregulation of GA20ox1 occurred rapidly within the first 6 h upon acidification, with its transcript levels at a relatively higher level at 24 h (Figure 2B). Nevertheless, a depressed level of GA20ox1 transcript was observed following long-term acidification (72 h; Figure 2B). Following high light, the transcript levels of GA20ox1 follow a trend that declined at the early stage and increased slowly and continuously afterward, peaking at 24 h (Figure 2C). This suggested that, upon high light and acidification, relative to high temperature, the GA20ox1 gene may contribute more to stress response at the transcriptional levels. The rate of GA biosynthesis is thus regulated as part of the response to the bleaching-inducing environmental stimuli. This strongly suggests that GA-based processes are important for at least the explored stress conditions in B. minutum, which is consistent with the alleviation stress symptoms of green microalga Chlorella vulgaris by exogenously applied GA3 (Piotrowskaniczyporuk et al., 2012).

The increased transcription of GA biosynthesis genes in B. minutum does not always equal to increased biosynthesis of GAs. We thus probed the dynamics of intracellular GA levels under the three selected stresses. To assess the dynamic equilibrium of 13-OH and non-13-OH pathways for GA biosynthesis, we further determined the detailed GA profiling. Despite of the fluctuation, with long-term stress treatments (72 h), levels of GA53 increased under the high-light and acidification conditions while it decreased under high temperature (Figure 3A). The levels of the known bioactive species GA1 generated through the 13-OH pathway were not stable (could be detected at limited time points). In contrast, although the accumulation of GA12 could not be detected under either control or stressed conditions, the bioactive product of the non-13-OH pathway (i.e., GA4) was remarkably decreased following the onset of high light treatment (P ≤ 0.001) and returned to a level higher than the control after 72 h treatment (Figure 3B). As for the acidification conditions, the level of GA4 was rapidly elevated within the first 6 h and remained at a relatively higher level than the control thereafter (Figure 3B). This was consistent with the transcriptional abundance of GA20ox1 under the high light and acidification conditions where the GA20ox1 transcript increased at the early stage upon acidification while it declined at the early stage and increased under prolonged high light conditions (Figure 2B,C). For the inactive GA forms in the non-13-OH pathways, GA51 was rapidly decreased following the onset of all three stresses (Figure 3C) while the level of GA34 was relatively similar between the stressed algal cells and the controls (Supplementary Table 1). Meanwhile, inactive forms in the 13-OH pathways (i.e., GA8) remained at relative stable levels under high-light and acidification treatments (Figure 3D). In contrast, under thermal stress, the content of GA8 increased at the end of detection (Figure 3D). Therefore, both the biosynthesis and deactivation pathways are actively involved in the stress responses and the non-13-hydroxylation pathway played predominant roles in GA homeostasis in B. minutum. Moreover, despite fluctuations and wide discrepancy in the levels of various GA species, the content of the active GA species (i.e., GA4 at late phase) increased upon the high-light and acidification stresses (Figure 3B). In contrast, GA4 decreased at the end of detection under the thermal stress (Figure 3B). These observations suggest a general function and a stress-dependent manner of GAs in the dinoflagellate endosymbiont.
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FIGURE 3. Dynamics of GAs in B. minutum during the high-light, high-temperature, and acidification stresses. (A) Dynamics of GA53, (B) Dynamics of GA4, (C) Dynamics of GA51, (D) Dynamics of GA8. The asterisks (*), (**), and (***) indicate statistically significant differences with P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001, respectively.




Exogenously Applied Gibberellins Improves the Thermal Tolerance of Breviolum minutum

More than 130 GAs have been identified in plants while only a handful of them are biologically active in flowering plants which include GA1, GA3, GA7, and GA4 (∼1000 fold higher activity than GA1) (Kapoore et al., 2021). Among the active forms, GA3 and GA4+7 (a mixture of GA4 and GA7) are commercially available, we thus select them to further probe the potential functions of GAs in B. minutum. The levels of GAs were perturbed by supplementing GA3 and GA4+7 to algal cultures at concentrations of 0.008, 0.08, and 0.8 μg⋅L–1. For GA-treated and untreated cultures, algal cells at the linear growth phase were inoculated into the fresh medium under the indicated conditions, and the cell growth was tracked for three days. Although subtle difference was observed between the algal cells treated with or without GAs under the control conditions (pH 8.2, 25°C, and 50 μmol⋅photons⋅m–2⋅s–1 light intensity), the growth was higher than the control under the thermal stress in either GA3- (Figure 4A) or GA4+7- (Figure 4B) treated cells (p ≤ 0.05). Exogenously applied GAs may compensate for the decreased endogenous GAs under the thermal stress (i.e., GA4; Figure 3B) which subsequently improved the dinoflagellate’s growth. To assess whether GAs plays a role in the response to environmental stresses other than high temperature, the algal cells in the linear growth phase were inoculated into the fresh medium with the presence or absence of GAs under the high-light or the acidification conditions. However, a bare difference was observed in cell numbers between the GA-treated and the untreated cells till the end of detection. This might attribute to that the amount of GA4 under these stresses is already higher than that of the controls (Figure 3B). Therefore, GAs could act as a stress hormone in B. minutum where their effects are stress- and time-dependent.
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FIGURE 4. Effects of GAs on the growth of B. minutum cells under the thermal stress. (A) Effects of GA3 on the growth of B. minutum cells. (B) Effects of GA4+7 on the growth of B. minutum cells. GA4+7, a mixture of GA4 and GA7. The asterisks (*) and (**) indicate statistically significant differences with P ≤ 0.05 and P ≤ 0.01, respectively.





CONCLUSION

In summary, the endosymbiotic dinoflagellates produce a wide range of GAs using relatively conserved biosynthetic enzymes. In the endosymbiont of reef corals B. minutum, these hormones are involved in the response of the bleaching-inducible environmental stresses, specifically, the exogenous applied GAs could improve the thermal tolerance of the dinoflagellate. Dissection of the mechanism related might facilitate the improvement of stress tolerance of endosymbiotic dinoflagellates and provide a way for the control and the remedy of massive coral bleaching. However, to fully exploit this technique potential in ecosystem restoration, many questions remain to be answered. First, how to apply the hormone technique in the highly variable open ocean (Jiang et al., 2021). Second, a genetic manipulation of crucial GA-relating genes (e.g., GA20ox) of the dinoflagellates by genome editing technology would further improve the practice (Jiang et al., 2021; Lu et al., 2021b).



MATERIALS AND METHODS


Culture Conditions and Physiological Measurements

Breviolum minutum was purchased from the National Institute for Environmental Studies (Japan). They were cultured routinely in 250-ml conical flasks with L1 medium containing kanamycin (50 mg⋅L–1), and streptomycin (50 mg⋅L–1) to minimize the growth of bacteria (Lu et al., 2020). When culturing dinoflagellate cells, the control group was maintained under the organism’s preferred physiological conditions (pH 8.2, 25°C, and continuous 50 μmol⋅photons⋅m–2⋅s–1 light intensity) as described in earlier reports (Jiang and Lu, 2019). Under otherwise identical high-light, high-temperature and acidification stress conditions, the light intensity, temperature, and pH were set at 200 μmol⋅photons⋅m–2⋅s–1, 34°C, and pH 7.6, respectively, based on our previous tests (Jiang and Lu, 2019; Lu et al., 2020). Algal cells at a concentration of approximately 1 × 106 cells⋅ml–1 were harvested, washed with sterile seawater, and inoculated into the fresh medium in triplicate. Cultures were started with the same initial cell concentration of 2 × 105 cells⋅ml–1, acclimated for 12 h under 50 μmol⋅photons⋅m–2⋅s–1 light, and then exposed to designated stress conditions. Growth was monitored by measuring the turbidity (Biochrom GeneQuant 1300, GE Healthcare) and the cell number (LUNA-FL Dual Fluorescence Cell Counter, Logos Biosystems) at indicated intervals (Gan et al., 2017; Lu et al., 2020).



Gene Expression Analysis

The cDNA preparation and reverse transcription were performed as previously (Lu et al., 2021a). In brief, the threshold cycle (2-–ΔΔCt) method was used to quantify relative changes in transcript levels from the quantitative PCR (qPCR) data. Levels of the transcripts under each set of treatment conditions at each time point were first normalized to actin expression levels. The values obtained for each gene were then normalized to the values in the control treatments (specimens that were not subjected to the stresses) at the corresponding time point. Values are means and standard errors obtained from three experiments (Han et al., 2020). The primers used are listed in Supplementary Table 2.



Gibberellins Analysis

The sample preparation and analysis of GAs was performed according to the previous report (Urbanová et al., 2013) with some modifications. Briefly, the lyophilized algal materials (100 mg dry weight) were sonicated and extracted with 1 mL 80% acetonitrile containing 5% formic acid and 19 internal gibberellin standards ([2H2]GA1, [2H2]GA3, [2H2]GA4, [2H2]GA5, [2H2]GA6, [2H2]GA7, [2H2]GA8, [2H2]GA9, [2H2]GA12, [2H2]GA12ald, [2H2]GA15, [2H2]GA19, [2H2]GA20, [2H2]GA24, [2H2]GA29, [2H2]GA34, [2H2]GA44, [2H2]GA51, [2H2]GA53). The supernatant was collected and purified using mixed mode reversed-phase and ion-exchange cartridges (Waters, Milford, MA, United States) and analyzed by UPLC-MS/MS (Micromass, Manchester, United Kingdom). GAs were detected using a multiple-reaction monitoring mode of the transition of the ion [M–H]– to the appropriate product ion. Masslynx 4.2 software (Waters, Milford, MA, United States) was used to analyze the data.



Exogenous Application of Gibberellins

Exogenous application experiments were conducted according to the early report (Lu et al., 2014). Cells were synchronized by alternating light/dark (12/12 h) cycles with a final extended dark period. Synchronous cells were added with GA3 or GA4+7 at a gradient concentration (0.008, 0.08, 0.8, 8 μg⋅L–1) or an equivalent amount of ethanol (not to exceed a final concentration of 0.1%). Samples were taken at the indicated periods for further analysis.



Data Sources and Statistical Analyses

Genome sequences for dinoflagellates were retrieved from http://reefgenomics.org. Proteins from all genomes were blasted with the validated Arabidopsis proteins. The sequences that were ultimately selected are listed in Supplementary Dataset 1. All the experiments were carried out in triplicate, statistical analyses were done using SPSS 18.0 software, standard deviation analysis was used to compare mean values of replicate data sets. Significant difference analysis was undertaken by using Tukey’s test in Graph Prism Two-Way ANOVA.




DATA AVAILABILITY STATEMENT

The original contributions presented in this study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



AUTHOR CONTRIBUTIONS

YL contributed to the designing experiments. DW contributed to the performing experiments related to exogenous application of GAs. DT contributed to the performing experiments related to the GA measurements. QG contributed to the performing experiments related to gene expression. LY, JG, and XD contributed to the sample collections. YL, WZ, MS, and DT wrote the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

YL, DW, LY, JG, XD, QG, and WX gratefully acknowledge funding from the Key R&D Program of Hainan Province (grant numbers: ZDYF2022XDNY140 and 322QN250), the Intergovernmental Project of National Key R&D Program of China (grant number: 2021YFE0110100), Major State Basic Research Development Program (grant number: ZY2021HN04), National Key R&D Program of China (grant number: 2021YFA0909600), the National Natural Science Foundation of China (grant number: 32060061), and the Project of State Key Laboratory of Marine Resource Utilization in South China Sea (grant number: MRUKF2021003). DT acknowledges the financial support from European Regional Development Fund Project “Centre for Experimental Plant Biology” (grant number: CZ.02.1.01/0.0/0.0/16_019/0000738).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.927200/full#supplementary-material



REFERENCES

Aranda, M., Li, Y., Liew, Y. J., Baumgarten, S., Simakov, O., and Wilson, M. C. (2016). Genomes of coral dinoflagellate symbionts highlight evolutionary adaptations conducive to a symbiotic lifestyle. Sci. Rep. 6:39734. doi: 10.1038/srep39734

Claeys, H., De Bodt, S., and Inzé, D. (2014). Gibberellins and DELLAs: central nodes in growth regulatory networks. Trends Plant Sci. 19, 231–239. doi: 10.1016/j.tplants.2013.10.001

Davy, S. K., Allemand, D., and Weis, V. M. (2012). Cell biology of cnidarian-dinoflagellate symbiosis. Microbiol. Mol. Biol. Rev. 76, 229–261. doi: 10.1128/MMBR.05014-11

Gan, Q., Zhou, W., Wang, S., Li, X., Xie, Z., Wang, J., et al. (2017). A customized contamination controlling approach for culturing oleaginous Nannochloropsis oceanica. Algal Res. 27, 376–382.

González-Garcinuño, Á, Sánchez-Álvarez, J. M., Galán, M. A., and Martin Del Valle, E. M. (2016). Understanding and optimizing the addition of phytohormones in the culture of microalgae for lipid production. Biotechnol. Prog. 32, 1203–1211. doi: 10.1002/btpr.2312

Han, X., Song, X., Li, F., and Lu, Y. (2020). Improving lipid productivity by engineering a control-knob gene in the oleaginous microalga Nannochloropsis oceanica. Metab. Eng. Commun. 11:e00142. doi: 10.1016/j.mec.2020.e00142

Helliwell, C. A., Poole, A., Peacock, W. J., and Dennis, E. S. (1999). Arabidopsis ent-kaurene oxidase catalyzes three steps of gibberellin biosynthesis. Plant Physiol. 119, 507–510. doi: 10.1104/pp.119.2.507

Hu, Y., Zhou, L., Huang, M., He, X., Yang, Y., Liu, X., et al. (2018). Gibberellins play an essential role in late embryogenesis of Arabidopsis. Nat. Plants 4, 289–298. doi: 10.1038/s41477-018-0143-8

Israelsson, M., Mellerowicz, E., Chono, M., Gullberg, J., and Moritz, T. (2004). Cloning and overproduction of gibberellin 3-oxidase in hybrid aspen trees. effects on gibberellin homeostasis and development. Plant Physiol. 135, 221–230. doi: 10.1104/pp.104.038935

Jeong, H. J., Yoo, Y. D., Kang, N. S., Lim, A. S., Seong, K. A., Lee, S. Y., et al. (2012). Heterotrophic feeding as a newly identified survival strategy of the dinoflagellate Symbiodinium. Proc.Nat. Acad. Sci.U.S.A. 109, 12604–12609. doi: 10.1073/pnas.1204302109

Jiang, J., and Lu, Y. (2019). Metabolite profiling of Breviolum minutum in response to acidification. Aquat. Toxicol. 213:105215. doi: 10.1016/j.aquatox.2019.05.017

Jiang, J., Wang, A., Deng, X., Zhou, W., Gan, Q., and Lu, Y. (2021). How Symbiodiniaceae meets the challenges of life during coral bleaching. Coral Reefs 40, 1339–1353.

Kapoore, R. V., Wood, E. E., and Llewellyn, C. A. (2021). Algae biostimulants: a critical look at microalgal biostimulants for sustainable agricultural practices. Biotechnol. Adv. 49:107754. doi: 10.1016/j.biotechadv.2021.107754

Kopp, C., Domart-Coulon, I., Escrig, S., Humbel, B. M., Hignette, M., and Meibom, A. (2015). Subcellular investigation of photosynthesis-driven carbon assimilation in the symbiotic reef coral Pocillopora damicornis. mBio 6:e02299. doi: 10.1128/mBio.02299-14

Lajeunesse, T. C., Parkinson, J. E., Gabrielson, P. W., Jeong, H. J., Reimer, J. D., Voolstra, C. R., et al. (2018). Systematic revision of Symbiodiniaceae highlights the antiquity and diversity of coral endosymbionts. Curr. Biol. 28, 2570–2580.e6. doi: 10.1016/j.cub.2018.07.008

Lange, T., Hedden, P., and Graebe, J. E. (1994). Expression cloning of a gibberellin 20-oxidase, a multifunctional enzyme involved in gibberellin biosynthesis. Proc. Natl. Acad. Sci.U.S.A. 91, 8552–8556. doi: 10.1073/pnas.91.18.8552

Lin, S., Cheng, S., Song, B., Zhong, X., Lin, X., Li, W., et al. (2015). The Symbiodinium kawagutii genome illuminates dinoflagellate gene expression and coral symbiosis. Science 350, 691–694. doi: 10.1126/science.aad0408

Liu, H., Stephens, T. G., González-Pech, R. A., Beltran, V. H., Lapeyre, B., and Bongaerts, P. (2018). Symbiodinium genomes reveal adaptive evolution of functions related to coral-dinoflagellate symbiosis. Commun. Biol. 1:95.

Lu, Y., Zhang, X., Gu, X., Lin, H., and Melis, A. (2021b). Engineering microalgae: transition from empirical design to programmable cells. Crit. Rev. Biotechnol. 41, 1233–1256. doi: 10.1080/07388551.2021.1917507

Lu, Y., Gan, Q., Iwai, M., Alboresi, A., Burlacot, A., Dautermann, O., et al. (2021a). Role of an ancient light-harvesting protein of PSI in light absorption and photoprotection. Nat. Commun. 12:679. doi: 10.1038/s41467-021-20967-1

Lu, Y., Jiang, J., Zhao, H., Han, X., Xiang, Y., and Zhou, W. (2020). Clade-specific sterol metabolites in dinoflagellate endosymbionts are associated with coral bleaching in response to environmental cues. mSystems 5:e00765. doi: 10.1128/mSystems.00765-00720

Lu, Y., Jiang, P., Liu, S., Gan, Q., Cui, H., and Qin, S. (2010). Methyl jasmonate- or gibberellins A3-induced astaxanthin accumulation is associated with up-regulation of transcription of beta-carotene ketolase genes (bkts) in microalga Haematococcus pluvialis. Bioresour. Technol. 101, 6468–6474. doi: 10.1016/j.biortech.2010.03.072

Lu, Y., Tarkowská, D., Turečková, V., Luo, T., Xin, Y., Li, J., et al. (2014). Antagonistic roles of abscisic acid and cytokinin in oleaginous microalga Nannochloropsis oceanica upon nitrogen-depletion expand the evolutionary breadth of phytohormone function. Plant J. 80, 52–68. doi: 10.1111/tpj.12615

Park, W.-K., Yoo, G., Moon, M., Kim, C. W., Choi, Y.-E., and Yang, J.-W. (2013). Phytohormone supplementation significantly increases growth of Chlamydomonas reinhardtii cultivated for biodiesel production. Appl. Biochem. Biotechnol. 171, 1128–1142. doi: 10.1007/s12010-013-0386-9

Peleg, Z., and Blumwald, E. (2011). Hormone balance and abiotic stress tolerance in crop plants. Curr. Opin. Plant Biol. 14, 290–295. doi: 10.1016/j.pbi.2011.02.001

Piotrowska-Niczyporuk, A., Bajguz, A., Zambrzycka, E., and Godlewska-Żyłkiewicz, B. (2012). Phytohormones as regulators of heavy metal biosorption and toxicity in green alga Chlorella vulgaris (Chlorophyceae). Plant Physiol. Biochem. 52, 52–65. doi: 10.1016/j.plaphy.2011.11.009

Piotrowskaniczyporuk, A., Bajguz, A., Zambrzycka, E., and Godlewska-Żylkiewicz, B. (2012). Phytohormones as regulators of heavy metal biosorption and toxicity in green alga Chlorella vulgaris (Chlorophyceae). Plant Physiol. Biochem. 52, 52–65.

Rensing, S. A., Lang, D., Zimmer, A. D., Terry, A., Salamov, A., Shapiro, H., et al. (2008). The Physcomitrella genome reveals evolutionary insights into the conquest of land by plants. Science 319, 64–69. doi: 10.1126/science.1150646

Roth, M. S. (2014). The engine of the reef: photobiology of the coral-algal symbiosis. Front. Microbiol. 5, 422–422. doi: 10.3389/fmicb.2014.00422

Shoguchi, E., Shinzato, C., Kawashima, T., Gyoja, F., Mungpakdee, S., and Koyanagi, R. (2013). Draft assembly of the Symbiodinium minutum nuclear genome reveals dinoflagellate gene structure. Curr. Biol. 23, 1399–1408. doi: 10.1016/j.cub.2013.05.062

Sponsel, V. M., and Hedden, P. (2010). “Gibberellin biosynthesis and inactivation,” in Plant Hormones, ed. P. J. Davies (Dordrecht: Springer), 63–94.

Stirk, W. A., Bálint, P., Tarkowská, D., Novák, O., Maróti, G., and Ljung, K. (2014). Effect of light on growth and endogenous hormones in Chlorella minutissima (Trebouxiophyceae). Plant Physiol. Biochem. 79, 66–76. doi: 10.1016/j.plaphy.2014.03.005

Sun, T. P., and Kamiya, Y. (1994). The Arabidopsis GA1 locus encodes the cyclase ent-kaurene synthetase A of gibberellin biosynthesis. Plant Cell 6, 1509–1518. doi: 10.1105/tpc.6.10.1509

Tudzynski, B., Kawaide, H., and Kamiya, Y. (1998). Gibberellin biosynthesis in Gibberella fujikuroi: cloning and characterization of the copalyl diphosphate synthase gene. Curr. Genet. 34, 234–240. doi: 10.1007/s002940050392

Urbanová, T., Tarkowská, D., Novák, O., Hedden, P., and Strnad, M. (2013). Analysis of gibberellins as free acids by ultra performance liquid chromatography–tandem mass spectrometry. Talanta 112, 85–94. doi: 10.1016/j.talanta.2013.03.068

Yamaguchi, S., Sun, T., Kawaide, H., and Kamiya, Y. (1998). The GA2 locus of Arabidopsis thaliana encodes ent-Kaurene synthase of gibberellin biosynthesis. Plant Physiol. 116, 1271–1278. doi: 10.1104/pp.116.4.1271

Yasumura, Y., Crumpton-Taylor, M., Fuentes, S., and Harberd, N. P. (2007). Step-by-step acquisition of the gibberellin-DELLA growth-regulatory mechanism during land-plant evolution. Curr. Biol. 17, 1225–1230. doi: 10.1016/j.cub.2007.06.037

Yu, X. J., Sun, J., Sun, Y.-Q., Zheng, J.-Y., and Wang, Z. (2016). Metabolomics analysis of phytohormone gibberellin improving lipid and DHA accumulation in Aurantiochytrium sp. Biochem. Eng. J. 112, 258–268.

Zanewich, K. P., and Rood, S. B. (1995). Vernalization and gibberellin physiology of winter canola (endogenous gibberellin (GA) content and metabolism of [3H]GA1 and [3H]GA20. Plant Physiol. 108, 615–621. doi: 10.1104/pp.108.2.615

Zhou, W., Zhang, X., Wang, A., Gan, Q., Yang, L., Yi, L., et al. (2022). A widespread sterol methyl transferase participates in the biosynthesis of both C4α and C4β-methyl sterols. J. Am. Chem. Soc. 144, 9023–9032 doi: 10.1021/jacs.2c01401


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

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Wu, Yang, Gu, Tarkowska, Deng, Gan, Zhou, Strnad and Lu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		A Functional Genomics View of Gibberellin Metabolism in the Cnidarian Symbiont Breviolum minutum



		INTRODUCTION



		RESULTS AND DISCUSSION



		Gibberellin Biosynthesis Is Conserved in the Dinoflagellate Family Symbiodiniaceae



		Symbiodiniaceae Has Different Dominant Gibberellin Species and Biosynthetic Intermediates Compared With Those of Higher Plants



		Gibberellin Synthesis Is Involved in Various Stress Responses in Breviolum minutum



		Exogenously Applied Gibberellins Improves the Thermal Tolerance of Breviolum minutum







		CONCLUSION



		MATERIALS AND METHODS



		Culture Conditions and Physiological Measurements



		Gene Expression Analysis



		Gibberellins Analysis



		Exogenous Application of Gibberellins



		Data Sources and Statistical Analyses







		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
& frontiers | Frontiers in Plant Science

A Functional Genomics View
of Gibberellin Metabolism
in the Cnidarian Symbiont

Breviolum minutum









OPS/images/fpls-13-927200-g004.jpg
High TemperatureEo,ooapg‘,LGAB

- [Jo.08pg/LGA,
— [_108ug/LGA,
{_ [_JcControl
t 3
. + A By

Time (h)

Cell number (x10° mL™") @

High Temperature

1.4- [ ]0.008ug/LGA,,,
. [_10.08pg/LGA,,;
[ ]0.8ug/LGA,.;
10- [ ]Control
8 -
0.6- B g
0.4-
0.2-
0.0
6 12 24

Time (h)





OPS/images/fpls-13-927200-g003.jpg
]
c A B
2 GA:;. -
g Control 1 - G A
8 High Light - g 8 . 4 Control 1
- Control 2 = ~ B High Light
= gigr:: Tlefan perature 8 7 4 Control 2
) ontro ] High Temperature
'q'; Acidification § 6 - Cogntrol 3 ’
g # - < ] Acidification
B | g
S o 4-
L. T~
> 3
o 5
o
T 9
£ E
S 2
= ‘ [ |

6 12 24 72

) 6 12 24 72
Time (h) D Time (h)
ime

Control 1 GA51 2.0 Control 1 GA8

High Light £ ] Engh Light

Control 2 1.8 " ’ Control 2. _ *

I High Temperature 1.6 - Sf;mf*g'per’“”re ‘
Control 3 - Acidfication
Acidification i 1.4 -

1.2-
=21.0/
0.8-
0.6
0.4
0.2-
0.0 -

1.2 = = | (

Non-hydroxylated gibberellin content
Non-hydroxylated gibberellin content Non

12 24 72
Time (h) Time (h)





OPS/images/logo.jpg
’ frontiers | Frontiers in Plant Science





OPS/images/fpls-13-927200-g002.jpg
*
—_—

72

*
—

24

Time (h)

12

6

T

o

O ®

uoissaidxa auab Lxopzyo ul abueyd pjo4

- 1 L 1
Qe ol
N

| [_]cControl
5| [__|High Light

2.
1.0
0.5
0.0

*
F s

LT

*

24

Time (h)

g

| [_]Control

251 [ ]Acidification

I 1 * 1

S e W 9 B e
M o N ~ — o o
uoissaldxa auab L xopzyo ul abueys pjo4
Ll
+
_|*|-u_
()] —
= A
© @
3 H E
e o~ T
— @ .
O |_“
= C
=
dh i 4
W © w o w g9
A ™ N N - - o o

uoissaldxa auab Lxopzyo ul abueyd pjo4





OPS/images/fpls-13-927200-g001.jpg
CPS/GA1

GA3ox1/GA4
GA3ox2
GA30x3
GA3ox4
GA2o0x1
GA20x2
GA20x3
GA2o0x4
GA20x6
GA20x7
GA20x8
GAMT1
GAMT2

GGPP — CPD
I[KS]
ent-kauene
q
ent-kauelnom acio
GA13ox | KAO
53 +— GA;,
‘GA200x | | | [GA200x!
GA44 GAss
‘GA200x | | | 'GA200x |
A19 G'6‘24
'GA200x| ¥ ! 'GA200x]
20 Ag
'GA200x | | 1GA200x]
GA, A,
| 'GA200x]
GA,9 GA, GA;, GA;,
GAMT l
MeGA





