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Abstract

:

Plants have evolutionarily established resistance responses to a variety of abiotic stress conditions, in which ABA mediates the integrated regulation of these stress responses. Numerous proteins function at the transcription level or at the protein level when contributing to controls of the ABA signaling process. Although osmotin is identified as a salt-inducible protein, its function in the abiotic stress response is yet to be elucidated. To examine the role of Arabidopsis OSMOTIN 34 (OSM34) in the ABA signaling pathway, a deletion mutant osm34 generated by a CRISPR/Cas9 system and the double mutant osm34 osml (osmotin 34-like) were analyzed for various ABA responses. Both osm34 and osm34 osml showed reduced levels of ABA responses in seeds and leaves. Moreover, proline level and expression of the proline biosynthesis gene P5CS1 was significantly reduced in osm34 osml. Interestingly, OSM34 binds to SKP2A, an F-Box protein whose transcription is induced by ABA. The protein stability of OSM34 was determined to be under the control of the 26S proteasome. In conclusion, our data suggest that OSM34 functions as a positive regulator in the generation of ABA responses and is under post-translational control.
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1. Introduction


Under unfavorable conditions, plants need to cope with environmental stresses and alter their growth pattern to enhance viability. One of the major stresses affecting plant growth is drought, and the drought stress response is related to the ABA signaling pathway [1,2]. In upstream segments of the ABA signaling pathway, the ABA receptors PYR/PYL/RCARs interact with PP2Cs in the presence of ABA. This interaction induces the release of SnRK2s from the tethering of PP2Cs, resulting in activation of SnRK2s [3,4,5,6,7,8]. The activated SnRK2s subsequently phosphorylates several downstream targets, such as ABFs for gene induction and SLAC1 for stomata closure [1,2,4,5,9,10]. In addition, reactive oxygen species (ROS) also play an essential role as a second messenger [11]. To prevent plant damage by excessive accumulation of ROS, the produced ROS is eliminated either by antioxidants such as ascorbic acid and proline or by enzymatic degradation via ascorbate peroxidases, catalases, and glutathione peroxidases [11,12,13,14,15,16,17,18,19].



Osmotic stress is tightly linked to various abiotic stress conditions such as drought, and is modulated by multiple pathways [1,2,20,21]. Osmotin was first discovered to be induced in salt-adapted tobacco cells, and in response to ABA and drought [22,23,24]. Interestingly, the transcripts level of osmotin increases after exposure to ABA, but the protein level remains unchanged, suggesting the presence of a post-translational regulatory mechanism of osmotin [24,25]. Osmotin belongs to the PR5 (Pathogenesis Related 5) family, and several studies have reported that osmotin is involved in the generation of biotic stress responses [26,27,28,29,30]. In Arabidopsis, the osmotin-like gene OSMOTIN 34 (OSM34) was first identified in the screening of the Arabidopsis cDNA library using tobacco osmotin as a probe [31]. However, its function under the abiotic stress signaling pathway is yet to be elucidated. Given that transgenic lines constitutively expressing the osmotin gene (and its homologs) in various plants have enhanced tolerance to abiotic stress, the putative function of OSM34 was predicted to be related to the ABA signaling pathway [32,33,34,35,36]. However, genetic evidence using knockout or knockdown mutants to characterize the function of OSM34 remains unaccomplished owing to the lack of available T-DNA mutants.



Recent studies have shown that specific degradation of regulatory proteins plays an important role in the control of ABA signaling pathways. Among the components involved in the ubiquitin-mediated pathways, the diverse E3 ligase reportedly participates in specific target protein recognition [37]. For instance, ABA receptors PYR1 and PYL4 are targeted for degradation by RSL1. A mutation in RSL1 enhances sensitivity to ABA, thereby implying a negative role in the ABA signaling pathway [38]. Moreover, the transcription factor ABI5 is controlled by various E3 ligase such as KEG, RPN10, DWA1/2, and ABD1 [39,40,41,42,43]. These results indicate that the ABA signaling pathway is largely controlled by ubiquitin-mediated proteolysis. Although more than 700 F-box genes exist in Arabidopsis, studies of the F-box gene that function in the ABA signaling pathway have been limited.



In this report, we present phenotypes of defective ABA responses produced by mutations introduced in the Arabidopsis gene OSMOTIN 34 and its homologous gene OSMOTIN 34-LIKE. Moreover, we identified that F-box SKP2A, which is transcriptionally induced by ABA, interacts with OSM34, indicating post-translational regulation of OSM34.




2. Results


2.1. The osm34 Mutant Is a Deletion Mutant of OSM34 Generated by a CRISPR/Cas9 Approach


In order to elucidate the function of osmotin genes in the regulation of ABA signal transduction, we investigated two genetic mutants of Arabidopsis: OSMOTIN 34 (OSM34) (AT4G11650) and OSMOTIN 34-LIKE (OSML) (AT1G77700). OSML (AT1G77700) was selected based on the amino acid sequence similarities (Supplementary Figure S1). Since no knockout mutant of OSM34 was available from public sites, we applied the CRISPR/Cas9 approach to generate a deletion mutant, osm34. By introducing two guide RNAs targeting two independent sites in the first exon of OSM34 (Figure 1A), a deletion mutant of OSM34 (osm34) was isolated and found to have a 413 bp deletion (Figure 1B,C). osm34 revealed PCR bands with a shorter length in different tissues and in subsequent generations (data not shown). To minimize the putative off-target effect by Cas9 [44], a Cas9-free osm34 was generated by crossing osm34 into the wild-type (Col-0) control (Figure 1B).




2.2. The osm34 Mutant Produced Defects in the Generation of ABA Responses


Following isolation of the Cas9-free osm34, we subsequently generated a double mutant osm34 osml (osmotin 34-like) to minimize the problem of genetic redundancy of OSM34-like genes (Figure 1B). osm34 showed reduced responses to ABA in seed germination and stomatal closing assays (Figure 2A,C). However, root growth inhibition caused by ABA, salt, and mannitol was not affected by the mutation in OSM34 (Supplementary Figure S2). Reduced ABA responses in seeds and leaves were greater in osm34 osml than in the single mutant osm34 or the wild-type control (Figure 2A,C).



Similar to the physiological changes in osm34 and osm34 osml, the ABA induction of ABA-responsive genes, including RAB18, ABI1, and P5CS1, were strongly inhibited by defects in the OSM34 and OSML genes (Figure 3). The lack of OSM34 transcripts in osm34 or osm34 osml with one of the primers binding in the deleted region and the presence of a putative stop codon (at the 152nd amino acid position) generated by the deletion in osm34 indicate that osm34 is a true homozygous mutant producing no functional OSM34. Moreover, transgenic lines with reduced expression of OSM34 by an artificial miRNA approach produced a similar pattern of inhibition for ABA-responsive gene expression (Supplementary Figure S3). Consistent with the reduced ABA induction of P5CS1 involved in proline biosynthesis, the endogenously induced proline level by ABA was significantly lower in osm34 osml compared to the wild-type control (Figure 2B). This indicates that the function of OSM34 in the generation of ABA responses is correlated with the ABA-induced proline accumulation. Taken together, our results suggest that OSM34 functions positively in the ABA signaling pathway during seed germination and stomatal movement via control of gene expression and proline levels.




2.3. The Protein Stability of OSM34 Is Regulated by SKP2A in a 26S Proteasome-Mediated Pathway


Applying yeast two-hybrid assays, N-terminal-deleted OSM34 (42-244) was identified to interact with SKP2A (1-360) (Figure 4A). The specific interaction between OSM34 and SKP2A was further analyzed using co-immunoprecipitation (co-IP) assays (Figure 4B). After mixing two protein extracts from the transgenic lines expressing either OSM34-GFP or SKP2A-HA, pull down of SKP2A as an interactive partner of OSM34 was achieved by co-IP of OSM34 with a anti-GFP antibody (Figure 4B). Since SKP2A as a component of SCF E3 ligase was shown to interact with E2FC and subsequently degrade it [45], it was deliberated whether the interaction of SKP2A with OSM34 leads to the specific protein degradation of OSM34. To examine this hypothesis, total protein was extracted from tobacco leaves transiently expressing either OSM34-GFP/GST-HA or SKP2A-FLAG/GST-HA, and was applied for cell-free degradation assays. Incubation with SKP2A (lane 7) showed significantly reduced protein level of OSM34, as compared to the OSM34 alone (lane 5) (Figure 4C). To investigate whether the reduced protein level of OSM34 after co-incubation with SKP2A is mediated by the 26S proteasome-dependent pathway, we examined the protein stability of OSM34 after exposure to MG132 (Figure 4C). Increased level of OSM34 with MG132 treatment (lane 8) was observed, compared to the control without MG132 (lane 7) (Figure 4C). Furthermore, in vivo protein level of OSM34 was highly reduced in the transgenic line co-expressing OSM34 and SKP2A, as compared to the line expressing OSM34 alone (Figure 4D). Results of the in vitro and in vivo assays to determine the stability of OSM34 indicate that the specific interaction of OSM34 with SKP2A induces the proteolysis of OSM34 in a 26S proteasome-dependent pathway.





3. Discussion


Although major components of the ABA signaling pathway have been identified, many regulatory proteins linking ABA signaling to environmental stress-resistant responses have yet to be identified. One such regulatory protein, osmotin, was previously reported to be induced under salt and ABA stress at the transcriptional level, and was suggested to be controlled by an unknown post-transcriptional regulation [25]. In order to determine whether osmotin functions in ABA signal transduction, and how osmotin is regulated at the protein level, genetic mutations were introduced on the osmotin genes and investigated. The mutant osm34 was generated by a CRISPR/Cas9 approach, and the double mutant osm34 osml was constructed by crossing osm34 into a T-DNA mutant of OSMOTIN 34-LIKE (OSML) (Figure 1). The mutant osm34 produced phenotypes with reduced ABA responses in seed germination, stomatal movement, and gene expression, whereas the reduced ABA responses in osm34 osml were more pronounced as compared to osm34 (Figure 2 and Figure 3). This implies that OSM34 and OSML function at least additively as positive regulators in certain pathways of ABA signal transduction. The introduction of additional mutations to other OSM34-LIKE genes will contribute to understanding the detailed function and interaction of each osmotin gene. Because RAB18 and ABI1 have been known as ABA-responsive genes [46,47], reduced ABA induction of both genes in osm34 and osm34 osml indicates that OSM34 may function in the positive regulation of ABA-induced gene expression. Downregulation of OSM34 in the transgenic lines generated by an artificial miRNA approach also induced similar gene expression results as osm34, especially for P5CS1 (Supplementary Figure S3). Taken together, these results indicate that a mutation in OSM34 indeed causes defects in ABA signal transduction. One of the possible functions of OSM34 in the ABA signaling pathway is to regulate proline levels, considering that the P5CS1 expression was decreased in osm34 osml in conjunction with ABA (Figure 3), and the endogenous proline level of the ABA-treated osm34 osml was lower than the control (Figure 2B). This result coincides with previous reports which state that constitutive expression of osmotin in tobacco and soybean leads to enhanced proline accumulation [33,48]. Considering that increased prolines under abiotic stress could function as ROS scavengers, the reduced expression of P5CS1 in osm34 osml implies that the control of proline levels and oxidative stress responses are directly affected by OSM34. However, confirming that conclusion would require the tissue-specific expression analysis of P5CS1 and the measurement of proline levels at various time points.



To investigate a post-translational regulation of osmotin, we examined the protein stability of OSM34 and a possible E3 ligase for OSM34. The F-Box gene is known to play an important role in the signaling of numerous plant hormones [49], but its function in ABA signaling is largely unknown. By searching F-box genes that are transcriptionally induced by ABA treatment, we found SKP2A (AT1G21410) and SKP2B (AT1G77000) as candidate genes that function during ABA signal transduction (Supplementary Figure S4). Previously, SKP2A was discovered as a cell cycle regulator by targeting the repressor E2FC for the 26S proteasome-mediated degradation [45,50,51]. Considering that multiple targets of F-box have been reported in yeasts [52,53], SKP2A probably has additional targets that are involved in abiotic stress responses. Interestingly, SKP2A binds to OSM34 in yeast two-hybrid assays (Figure 4A). The physical interaction of OSM34 with SKP2A in yeasts was further confirmed in plants by co-immunoprecipitation assays (Figure 4B). Considering that SKP2A is a component of the SCF E3 ligase, the interaction of OSM34 with SKP2A could lead to specific degradation of OSM34. Degradation of the transiently expressed OSM34 was promoted by co-expression of SKP2A, and this SKP2A-dependent degradation of OSM34 was blocked by MG132 treatment in tobacco leaves (Figure 4C). Similar to the cell-free degradation assays, the OSM34 level in the transgenic line was reduced when crossed with the SKP2A overexpression line (Figure 4D), thereby supporting the premise that SKP2A mediates OSM34 degradation in vivo. These results indicate that OSM34 is post-translationally controlled by SKP2A in a 26S proteasome-dependent pathway.



In conclusion, our data suggest that OSM34 functions in the generation of ABA responses, including the regulation of ABA–induced proline synthesis. Moreover, the protein stability of OSM34 is controlled by SKP2A in a 26S proteasome-dependent way.




4. Materials and Methods


4.1. Plants Materials


Surface-sterilized seeds of Arabidopsis thaliana wild-type (Col-0) and osml (AT1G77700, SALK_013068C) were sowed on growth media containing half-strength Murashige and Skoog salt (Sigma) with 1% sucrose (pH 5.8) and stratified at 4 °C for two days. Plants were grown under long-day condition (23 °C 16 h light/21 °C 8 h dark).




4.2. Construction of CRISPR/Cas9-Mediated Mutant and Transgenic Lines


To generate a deletion-prone mutation in the OSM34 gene, two guide RNAs (each targeting different sites of OSM34) were designed (https://crispr.dbcls.jp, (16 March 2016)) [54] and merged into one plasmid containing Cas9. By analyzing more than 50 independent lines, a deletion mutant osm34 was selected and analyzed by sequencing the OSM34 gene. To minimize an off-target effect caused by Cas9, osm34 was backcrossed into the wild-type (Col-0) two times, with subsequent isolation of the Cas9-free osm34. The OSM34 knockdown lines were generated by an artificial microRNA (amiRNA) approach, wherein a PCR-tailored amiRNA construct targeting OSM34 was generated based on pRS300 and transferred into the binary vector [55]. The Arabidopsis transgenic lines constitutively expressing either OSM34-GFP or SKP2A-HA under the control of the 35S promoter were also generated. For protein stability assays, the OSM34 overexpression line was crossed into wild-type (Col-0) or the SKP2A overexpression line.




4.3. Germination/Root Growth Assay


Surface sterilized seeds were sown on growth media containing ABA (Sigma-Aldrich, CA) or ethanol (Merck, DE). Seed germination was examined at the indicated time after two days of stratification at 4 °C. For root growth assay, seedlings were vertically grown for five days, followed by transfer to control or ABA media. Elongated root length after the transfer was measured using Image J (NIH). Three biological replicates were analyzed.




4.4. Assay of Stomatal Closure


Four-week-old samples were covered with a dome for two days before the assay. Rosette leaves were excised and dipped into the opening buffer (10 mM MES, 5 mM KCl, 50 μM CaCl2, pH 6.15) for two hours, followed by incubation with ABA solution for another 2 h. Images of stomata were taken using an optical microscope mounted with a camera. The widths and lengths of stomata apertures were measured using Image J (NIH), and the ratio was calculated. Three biological replicates were performed and repeated three times (n = 3 × 3).




4.5. RNA Isolation and Gene Expression Analysis


Total RNA was isolated from six-day-old seedlings using the TRI Reagent® (MRC, US). Recombinant DNase I (Takara, CN) was added, as per the manufacturer’s instructions. The isolated RNA (1 μg) was used for cDNA synthesis (Bioline, GB), and the synthesized cDNA was subjected to quantitative real-time PCR using SensiFAST™ SYBR® Hi-ROX Kit (Bioline, GB). The relative expression of each gene was calculated based on the Clathrin level. The primer sequences used in this experiment were listed in Supplementary Table S1.




4.6. Proline Quantification


Proline level was quantified applying the 1.25% ninhydrin solution method, with slight modification [56,57]. Briefly, three-week-old rosette leaves of wild-type (Col-0) and osm34 osml were sprayed with 30 μM ABA, and aerial parts were excised on the third day and used for ethanol extraction. The ethanol extracts were then mixed with 1.25% ninhydrin in glacial acetic acid and boiled for 30 min. Subsequently, absorbance was measured at 508 nm. Proline (Sigma, JP) concentration of each sample was calculated based on the standard curve. Three biological replicates were measured for each experiment and repeated three times (n = 3 × 3).




4.7. Yeast Two-Hybrid Assay


For the yeast two-hybrid assay, a part of cDNA encoding for the N-terminal-deleted OSM34 (42-244) and a full-length cDNA encoding for SKP2A (1-360) were cloned into the pGADT7 and pGBKT7 vectors, respectively. Growth conditions and media selection were followed according to the manufacturer’s instruction (Clontech). Each recombinant plasmid and control vector was co-transformed into AH109 using the electroporation method [58]. Double dropout media (-Leu/-Trp) was used to select colonies containing both pGADT7/pGBKT7 and pGADT7-OSM34/pGBKT7-SKP2A. Colonies with positive interaction were selected by the quadruple dropout media (-Ade/-His/-Leu/-Trp).




4.8. Co-Immunoprecipitation and Western Blot Analysis


Seven-day-old seedlings of transgenic lines constitutively expressing either SKP2A-HA or OSM34-GFP were subjected to total protein extraction using the protein extraction buffer (150 mM NaCl, 50 mM Tris pH 7.5, 1 × protease inhibitor (Roche, DE), 1 mM PMSF, 0.01% NP-40, 10 mM MgCl2, 10% glycerol). Co-immunoprecipitation was performed at 4 °C overnight, using anti-GFP-Sepharose beads (Abcam, GB). Beads were subsequently washed four times, and the immunoprecipitated proteins were subjected to Western blot analysis with primary antibodies (GFP (B-2) Santa Cruz Biotech, US; HA-HRP (3F10) Roche, CH; FLAG Cell Signaling Technology, US), followed by incubation with secondary antibody (anti-mouse HRP conjugated Pierce®, US). The blot was then developed using ClarityTM Western ECL solution (Bio-Rad, US).




4.9. In Vitro and In Vivo Protein Degradation Assays


Transient expression of each construct in tobacco for cell-free degradation analysis was performed using the Agrobacterium-mediated transient gene expression method, with slight modification [59]. Briefly, two days after infiltration, total proteins were extracted using the protein extraction buffer. Total protein extracts were mixed as designated, and incubated for 3 h at room temperature. The reaction was terminated by adding 5× sample buffer, followed by boiling the mixture. For the in vivo OSM34 degradation assay, total proteins extracted from wild-type (Col-0) and transgenic lines expressing OSM34-GFP alone or co-expressing OSM34-GFP and SKP2A-HA were incubated for 3 h, and subsequently subjected to Western blot analysis.
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Figure 1. Generation of the deletion mutant osm34 by a CRISPR/Cas9 approach (A) Two guide RNAs targeting first exon region of OSM34 were designed (red line with arrow heads, top), and a deletion mutant osm34 was isolated (bottom). (B) PCR genotyping confirmed a large deletion in osm34 and the removal of Cas9 by crossing into wild-type (Col-0). By crossing Cas9-free osm34 into osml (osmotin 34-like), the double mutant osm34 osml was generated. (C) Sequence analyses of osm34 revealed location of the deletion when compared to the wild-type sequences. The red color bar indicates the deleted sequences in osm34. 
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Figure 2. The mutant osm34 and osm34 osml produce defects in the generation of ABA responses (A) Seed germination assay using osm34 and osm34 osml under 0.5 μM ABA. a/b/bc/c indicate statistically different groups based on one-way ANOVA Duncan post-hoc test (p < 0.05). (B) Quantification of proline level using 1.25% ninhydrin solution. Three-week-old rosette leaves of wild-type (Col-0) and osm34 osml were sprayed with 30 μM ABA for two days. a/ab/bc/c indicate different groups based on one-way ANOVA Duncan post-hoc test (p < 0.05). (C) The ABA-induced stomatal closure was analyzed using four-week-old wild-type (Col-0), osm34, and osm34 osml after 2 h of exposure to 10 μM ABA. a/ab/bc/c groups based on one-way ANOVA Duncan post-hoc test (p < 0.05). 
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Figure 3. The mutants osm34 and osm34 osml exhibit reduced ABA induction of gene expression Six-day-old seedlings were treated with 50 μM ABA for 24 h and used for quantitative PCR analyses. Clathrin was used as an internal control. a/b/ab indicate different groups according to one-way ANOVA Duncan post-hoc test (p < 0.05). 
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Figure 4. OSM34 interacts with SKP2A and is destabilized via 26S proteasome-dependent pathway (A) Yeast two-hybrid assay showed direct interaction between OSM34 (42-244) and SKP2A (1-360). Co-transformed yeast colonies were grown on either DDO media (-Leu/-Trp) or QDO media (-Ade/-His/-Leu/-Trp) containing 10 mM 3-AT. (B) The Arabidopsis transgenic lines expressing either OSM34-GFP or SKP2A-HA were used for co-immunoprecipitation (co-IP) analysis. Input was collected before co-IP analysis. After immunoprecipitation with anti-GFP-sepharose beads, Western blot analysis was performed on the co-IP sample using anti-HA antibody. (C) Cell-free OSM34 degradation assay using tobacco leaves with transiently expressing either SKP2A-FLAG/GST-HA or OSM34-GFP/GST-HA. GST-HA was co-expressed as an internal control for each transient expression. Total proteins were incubated for 3 h with 20 μM MG132 or DMSO and subsequently analyzed by Western blot. * indicates the target GFP band. (D) In vivo stability of OSM34 was analyzed by Western blot assays using the transgenic lines co-expressing OSM34-GFP and SKP2A-HA or expressing OSM34-GFP alone. 
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