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Spermine Confers Stress Resilience by Modulating Abscisic Acid Biosynthesis and Stress Responses in Arabidopsis Plants
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Polyamines (PAs) constitute a group of low molecular weight aliphatic amines that have been implicated as key players in growth and development processes, as well as in the response to biotic and abiotic stresses. Transgenic plants overexpressing PA-biosynthetic genes show increased tolerance to abiotic stress. Therein, abscisic acid (ABA) is the hormone involved in plant responses to environmental stresses such as drought or high salinity. An increase in the level of free spermine (Spm) in transgenic Arabidopsis plants resulted in increased levels of endogenous ABA and promoted, in a Spm-dependent way, transcription of different ABA inducible genes. This phenotype was only partially reversed by blocking ABA biosynthesis, indicating an ABA independent response mediated by Spm. Moreover, the phenotype was reproduced by adding Spm to Col0 wild-type Arabidopsis plants. In contrast, Spm-deficient mutants showed a lower tolerance to salt stress. These results indicate that Spm plays a key role in modulating plant stress responses.
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INTRODUCTION

Polyamines (PAs) are small aliphatic amines found in all living organisms (Kusano et al., 2008). In plants, the three major PAs include putrescine (Put), spermidine (Spd), and spermine (Spm). In Arabidopsis, Put biosynthesis is done mainly by arginine decarboxylase (ADC; EC4.1.1.19) activity, which decarboxylates arginine as the first step in the PA-biosynthetic pathway. Put serves as the precursor for higher molecular weight PAs Spd and Spm. Spd synthase (SPDS;EC2.5.1.16) and Spm synthase (SPMS;EC 2.5.1.22), respectively, catalyze the addition to Put of aminopropyl groups generated from S-adenosylmethionine (SAM) by SAM decarboxylase (SAMDC, EC 4.1.1.50) (Tiburcio et al., 1990). Arabidopsis genome carries two genes that encode for ADC enzyme (ADC1 and ADC2; Urano et al., 2005), four genes for SAMDC (SAMDC1-4; Urano et al., 2003), two genes for SPDS (SPDS1 and SPDS2; Hanzawa et al., 2002) and one single gene for SPMS (Hanzawa et al., 2002). ACAULIS5 (ACL5 gene), originally assigned as a putative Spm synthase (Hanzawa et al., 2000), encodes a thermospermine (tSpm) synthase (Knott et al., 2007). Free PAs levels of the plant are the result of a balance between biosynthesis and degradation, the former process done mainly through the activity of diamine oxidases (DAO, EC1.4.3.6) and polyamine oxidases (PAO, EC1.5.3.3), that exhibit different substrate preferences. Diamines like Put are a preferred substrate for DAOs, while higher molecular weight PAs, like Spm, tSpm, and Spd, are oxidized by PAOs (Cona et al., 2006). Some PAOs terminally oxidize PAs, while other isoforms are involved in a PA back-conversion process of tSpm to Spm and Put, releasing H2O2 (Moschou et al., 2012). Ten genes encoding DAOs, as well as five genes that encode PAOs are present in the Arabidopsis genome (Takahashi et al., 2010; Planas-Portell et al., 2013).

As sessile organisms, plants respond to environmental stresses through a series of physiological, cellular, and molecular changes. Consequence of these changes, transcriptomic, proteomic, and metabolic modifications, which help to mitigate the effect of stress and lead to the adaptation of the plant, occur. Classically, PAs have been assigned to play an important role in modulating the response of plants to diverse environmental stresses (Bouchereau et al., 1999). Elevated PA levels are one of the most remarkable metabolic hallmarks in plants exposed to stresses such as drought, salinity, chilling, heat, hypoxia, ozone, UV, or heavy metals (Alcázar et al., 2010; Gill and Tuteja, 2010). In the last years, it has been elegantly summarized the relationship between the functional significance of PAs and their roles in tolerance and/or amelioration of stress responses in plants (Minocha et al., 2014). It has been suggested that PAs could act as stress messengers in plant responses interacting with different stress pathways (Takahashi et al., 2003; Tuteja and Sopory, 2008; Alcázar et al., 2010; Marco et al., 2011).

It is well known that abscisic acid (ABA) is involved in the response of plants to abiotic stresses (Vishwakarma et al., 2017). Abscisic acid (ABA) is a plant hormone that quickly accumulates in plants exposed to different abiotic stresses. ABA is a sesquiterpenoid that is synthetized from C40 carotenoids in three steps catalyzed by zeaxanthin epoxidase (Marin et al., 1996), 9-cis-epoxycarotenoid dioxygenase (NCED; Schwartz et al., 1997) and abscisic aldehyde oxidase (AAO; Seo et al., 2000). The key step in ABA biosynthesis is the cleavage reaction of epoxy carotenoids to produce xanthoxin catalyzed by NCED (Kende and Zeevaart, 1997). In fact, ectopic expression of NCED causes overproduction of ABA in tobacco and tomato (Thompson et al., 2000). Accumulation of ABA stimulates stomatal closure to limit water loss from leaves, as well as changes in the level of expression of genes involved in stress responses and in the biosynthesis of osmoprotectant species that help the cells to handle damage and restore cellular homeostasis (Fujita et al., 2011). Transcriptome comparison of Arabidopsis plants exposed to salt or drought stress shows that about half of the genes induced by these stresses are also induced by ABA (Seki et al., 2002). Moreover, the disruption of ABA synthesis by transgenic approaches in Arabidopsis leads to plants more sensitive to drought stress (Iuchi et al., 2001). These observations suggest the predominant role of this hormone as a signaling molecule in the response against drought and high salinity stresses (Sah et al., 2016).

Hierarchical clustering expression analyses in Arabidopsis using public microarray data indicate that some, but not all, PA biosynthesis gene paralogs share similar expression patterns, in agreement with their different implications in stress and development (Tiburcio et al., 2014). Moreover, transcriptome studies performed in Arabidopsis have revealed differential regulation of PA biosynthesis genes by abiotic stress (Alcazar et al., 2006b). Recent studies have been reported that Spm-overproducer plants overexpress a number of ABA related genes (Marco et al., 2011). On the other hand, the characterization of PA loss-of-function mutants has provided evidence for the involvement of PAs in resistance traits (Urano et al., 2003; Yamaguchi et al., 2007; Cuevas et al., 2008; Zarza et al., 2017). Besides that, although taken together these evidences suggest that PAs are involved in modulating plant responses to abiotic stress, the relationship between PA, and ABA remains to be fully understood.

In this work, we have observed that overexpression of SAMDC1 gene in Arabidopsis produces Spm accumulation and leads to plants with an improved tolerance to salt stress. Furthermore, since overexpression of the NCED3 gene and ABA accumulation were observed on these Spm-accumulating transgenic lines, the expression of several ABA-response related genes was checked in plants with different Spm levels, several Spm-deficient mutant lines, as well as WT plants treated with external Spm. A Spm-dependent expression pattern was observed for NCDE3 and some ABA-responsive genes. These results suggest that Spm plays a key role in modulating ABA levels and that stress tolerance could be improved by manipulation of Spm biosynthesis, causing the accumulation of endogenous ABA and triggering the expression of a number of stress-response genes. On the other hand, expression of NCDE3 and other ABA-responsive genes was increased in these Spm-overproducer plants even when ABA biosynthesis was inhibited, suggesting the existence of a Spm-dependent pathway response that would include some ABA-dependent factors.

MATERIALS AND METHODS

Plant Growth Conditions

Experiments were performed using several Arabidopsis thaliana (Arabidopsis) lines. Ecotype Col-0, obtained from the Nottingham Arabidopsis Stock Centre (University of Nottingham, Loughborough, UK) was used as the wild type (WT). On the other hand, different lines of Arabidopsis plants with altered Spm levels have been used: three transgenic lines overexpressing the SAMDC1 gene under the control of CaMV35S constitutive promoter (pBISDCs-S3’, pBISDCs-S9’, pBISDCs-S15, Marco et al., 2011), a T-DNA insertion mutant line of the SPMS gene (spms-1, Imai et al., 2004), an ethyl methane-sulfonate-mutant line of the ACL5 gene (acl5-1, Hanzawa et al., 1997) and a double mutant line obtained from crossing of the two lines mentioned above (acl5-1/spms-1, Imai et al., 2004). Both acl5-1 and acl5-1/spms-1 mutants showed stem-reduced growth phenotypes (Hanzawa et al., 1997; Imai et al., 2004), however, spms-1 plants exhibited similar phenotypes to WT plants in terms of growth and development (Imai et al., 2004).

Plants were cultivated in growth chambers Sanyo MLR-350 (Sanyo Electric Co., Japan) under long day conditions, illumination at 23°C for 16 h, in darkness at 16° for 8 h. Previously, all the seeds were stratified for 2 days at 4°C. Adult plants were grown from seeds sown in pots with a 1:1:1 mixture of soil, vermiculite, and sand, and watered with mild nutrient solution [recipe from Arabidopsis Biological Resource Center (ABRC, The Ohio State University, USA) handling plants and seeds guide, http://www.biosci.ohio-state.edu/pcmb/Facilities/abrc/handling.htm].

Five day-old seedlings were grown under the same light and temperature conditions. Seeds were surface sterilized by washing for 10 min in 30% (v/v) commercial bleach, 0.01% (v/v) Triton X-100 and rinsed three times with sterile distilled water. Sterile seeds were plated on 4% agar plates containing one half strength MS medium (Murashige and Skoog, 1962).

Plant Treatments

Adult plants were grown in pots, salt stress treatments were performed by adding NaCl (0–250 mM) to the watering solution. Visible damage of stress was estimated in 3-week old plants exposed for 10 days to 0–250 mM NaCl, and pictures were taken. Additionally, 4-week old plants were exposed for 6 h to 250 mM NaCl and rosette leaf samples were harvested to isolate RNA. Furthermore, a stress recovery assay was performed by exposing 2-week old plants to 250 mM NaCl for 2 days. After 12 days of recovery in control conditions, stem length and shoot fresh weight (FW) were measured.

Salt stress and inhibition of ABA biosynthesis experiments were also performed in plates by adding 250 mM NaCl to 5-day grown seedlings grown in ½ MS medium with or without 100 μM sodium tungstate dehydrate (Fluka). Entire seedling samples were taken after 6 h.

Seedlings were also grown in ½ MS plates supplemented with 0.1, 0.5, and 1 mM, Put, Spd, or Spm. Entire seedling samples were taken after 5 days of growth. All tissues were harvested and immediately frozen in liquid nitrogen and stored at −80°C until used.

Germination of seeds was also studied in ½ MS plates supplemented with 0, 50, 100, 150, or 250 mM NaCl. Fifty seeds were sowed per plate and the number of seeds that developed cotyledons until 8 days after stratification was counted. All experiments were done by triplicate.

Quantitative RT-PCR

Total RNA was extracted from plant tissue using Total Quick RNA Cells and Tissues Kit (Talent SRL, Italy), following protocol established by manufacturer. RNA was quantified by their absorbance al 260 nM, and its integrity checked by denaturing agarose gel electrophoresis.

RNA was treated with RNAse free-DNAse (Roche diagnostics, Spain), according to manufacturer’s instructions. A total of 1 μg of DNA free-total RNA was reverse transcribed to First-strand complementary DNA (cDNA) with random hexamers using SuperScript® III First-Strand Synthesis System 1st (Invitrogen, Spain) according to manufacturer’s instructions. Quantitative real time PCR (qRT-PCR) was performed on Gene AmpR 5,700 Sequence Detection System (PE Applied Biosystems, Japan), using Power SYBR® Green PCR Master Mix (PE Applied Biosystems) first-strand cDNA as a template. Each 20 μl reaction contained 1 μl of cDNA, 100 nM of each pair of target primers (FW and REV), and 10 μl of SYBR Green PCR Master Mix. The PCR conditions were as follows: 95°C for 10 min, followed by 40 cycles of 95°C for 30 s and 60°C for 1 min. Three replications were performed for each sample in each experiment. Primers used for real-time PCR are described in Table 1. Data was analyzed according to 2−ΔΔCT Method (Livak and Schmittgen, 2001). Actin-2 (AT5G09810; An et al., 1996) was used as a reference gene.


TABLE 1. Primers used in qRT-PCR analyses.
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Abscisic Acid Quantification

ABA was measured in seedlings and 4-week old Arabidopsis plants. Plant tissue (0.2 g FW) was homogenized with 5 ml of extraction buffer (80% acetone, 100 mg L−1 butylated hydroxytoluene, 0.5 g L−1 citric acid) and centrifuged 12,000 ×g for 5 min. Supernatant was recovered, dried, and resuspended in 0.5 ml TBS buffer (6.05 g L−1 Tris, 0.20 mg L−1 MgCl2, and 8.8 g L−1 NaCl, pH 7.8). ABA was quantified following an indirect ELISA method (Walker-Simmons, 1987). ABA-BSA conjugates were made according to Weiler (1980) as modified by Norman et al. (1988). ABA levels are expressed as ng (g FW)−1.

Statistical Analyses

Data was analyzed by one-way Analysis of Variance (ANOVA) followed by post-hoc comparisons by Tukey’s HSD t test. A probability level < 0.05 was considered statistically significant. Calculations were performed using IBM® SPSS® Statistics v22.0 Software.

RESULTS

pBISDCs Plants Are Tolerant to Salt Stress

In a previous work, we were able to describe that overexpression of SAMDC1 gene in Arabidopsis leads to with higher Spm levels than WT plants (Supplementary Figure S1). Also, the transcriptome of pBISDCs transgenic lines showed an increase in the expression of a set of genes enriched in functional categories involved in defense-related processes against both biotic and abiotic stresses (Marco et al., 2011).

To assess the effects of this defense-related transcriptome expression changes in salt stress tolerance, pBISDCs and WT plants were grown in soil for 3 weeks and treated with irrigating solution with presence or absence of NaCl. Under control conditions, pBISDCs showed no phenotype in terms of growth and development. However, after 10 days of treatment, WT plants irrigated with excess NaCl showed generalized chlorosis and wilt, while pBISDCs lines appeared with a healthier aspect and diminished symptoms (Figure 1A; Supplementary Figure S3). A saline stress recovery assay was also performed by exposing pBISDCs and WT plants to 250 mM NaCl during 2 days and leaving them to recover for 12 days in the absence of salt. After the recovery period, salt treated plants showed a reduction in their growth compared to untreated plants, but pBISDCs lines were able to develop higher recovery percentages of stem length (46.1–48.7%) and shoot fresh weight (72.8–75.2%) than WT plants (26 and 54%, respectively) (Supplementary Figure S4).
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FIGURE 1. Salt stress tolerance of pBISDCs lines. (A) Appearance of Arabidopsis WT and pBISDCs transgenic plants overexpressing SAMDC1 (S3′, S9 and S15) after 10 days of salt treatment. 3 week-old plants were watered with solution without (control) and with the supplementation of 250 mM NaCl. Pictures were taken after 10 days. (B) Seed germination percentage in MS plates supplemented with different concentrations of NaCl. The number of seeds that developed cotyledons until 8 days after stratification was counted. Graphs show the mean ± standard deviation from MS plate triplicates. Significant changes from control treatment are highlighted (*) (ANOVA, Tukey HSD test, p < 0.05).
 

Additionally, salt stress tolerance was estimated by establishing seed germination percentage after 8 days, of seeds sowed in plates with increasing concentrations of NaCl (0–250 mM). Germination percentage decreased with increasing NaCl concentration for all lines studied (transgenic and WT), dropping to 10% for the highest salt concentration (250 mM) (Figure 1B). However, Spm-accumulating lines maintained better germination percentages (about 15% higher than WT) at intermediate NaCl concentrations (50–150 mM) (Figure 1B).

SAMdC1 Overexpression Alters Abscisic Acid Metabolism and Abscisic Acid-Responsive Gene Expression

Given the previous result, a more specific search of genes related to the salt stress response within the transcriptome of the pBISDCs plants was carried out, locating a set of genes that code for proteins related to the ABA synthesis and response that showed significant expression changes compared to WT plants (Supplementary Figure S2). The expression of some of these ABA-related genes was checked by qRT-PCR to confirm the results observed in transcriptome studies. Expression levels of ABA-induced genes COR15A (AT2G42540; Baker et al., 1994), RD26 (AT4G27410; Yamaguchi-Shinozaki et al., 1992), RD29A (AT5G52310; Yamaguchi-Shinozaki and Shinozaki, 1993), RD22BP1 (AT1G32640; Abe et al., 2003) and NCED3 (AT3G14440; Tan et al., 2003) were determined in 4-week old plants (Figure 2A). SAMDC1-overexpressing lines showed higher expression levels of all these ABA-related genes when compared to WT plants (Figure 2A). ABA-biosynthesis gene NCED3 showed the most pronounced changes (5 to 10-fold).
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FIGURE 2. Effects of SAMDC1 overexpression on ABA metabolism and response. Four-week old Arabidopsis WT and pBISDCs transgenic plants overexpressing SAMDC1 (S3′, S9, and S15), were watered with solution without (control) or with 250 mM NaCl (saline stress). Expression levels of a set of ABA biosynthesis and ABA-response related genes were determined in leaves by qRT-PCR after 6 h in control (A) or salt stress conditions (B). For each gene, data are expressed as fold change relative to the level measured in WT plants in control conditions (2−ΔΔCT). ABA levels were also determined in the same leaves in control (C) and salt stress conditions (D), expressed as ng (g FW)−1. Graph show the mean of three biological replicates ± standard deviation. Significant differences between plant lines are indicated with letters (ANOVA, Tukey HSD test, p < 0.05).
 

Plants of same age were also exposed to salt stress. After 6 h of 250 mM NaCl exposure, the level of expression of all five ABA-related genes increased in WT plants (Figure 2B). Regarding pBISDCs transgenic lines response to NaCl exposure, RD26 (all three lines) and NCED3 (two lines) maintained expression levels similar to control conditions, while COR15A (two lines) raised to similar levels observed in WT plants exposed to stress. Also, RD29A (all lines) increased its expression in pBISDCs lines to higher levels than WT plants in salt stress conditions (Figure 2B).

ABA levels were also determined in both pBISDCs and WT lines in control and salt stress conditions. SAMDC1-overexpressing lines showed also higher ABA levels (about 3-fold) than WT lines on non-stressed 4-week old plants (Figure 2C). After 6 h of salt exposure, ABA levels raised in WT in greater extent than transgenic lines, reaching to a slightly higher level than in Spm-accumulating transgenic lines (Figure 2D). Similar results in gene expression and ABA levels were found for 5 day-old plate-grown seedlings and did not changed when photoperiod was set to short day (data not shown).

Spm Treatment Raises ABA Levels and Induces ABA-Related Gene Expression

Results described above suggested a possible link between the observed differences in ABA and high Spm levels. To further test this possibility, PAs were exogenously supplied to plates where WT seeds were sown and let grow for 5 days. ABA levels increased in Spm-supplemented seedlings, with a positive correlation between ABA levels and external Spm concentration (Figure 3A). This positive correlation affected also to expression of the chosen set of ABA-related genes, with NCED3 showing the most important induction in response to external Spm (Figure 3B). However, the growth of seedlings in the presence of external Put or Spd did not produce significant changes in ABA levels or in the expression of ABA-related genes (Figure 3).
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FIGURE 3. Effects of external PA treatment on ABA levels and ABA-related gene expression. Arabidopsis WT plants were grown for 5 days in plates supplemented with Put, Spd, or Spm, as well as in control plates without the amendment of PAs. (A) ABA levels, expressed as ng (g FW)−1. (B) Expression levels of ABA-responsive genes were determined by qRT-PCR. For each gene, data are expressed as fold change relative to the level measured in WT plants in control conditions (2−ΔΔCT). Graph show the mean of three biological replicates ± standard deviation. Significant differences between treatments are indicated with letters (ANOVA, Tukey HSD test, p < 0.05).
 

Spm Deficiency Affects Expression of Abscisic Acid-Induced Genes

Moreover, the possible relationship between ABA-related stress response and Spm levels was also tested in different Spm-deficiency scenarios. Therefore, ABA levels were determined in 5-day old plate-grown seedlings of tSpm synthase mutants (acl5-1), that have similar free Spm levels than WT plants (Hanzawa et al., 2000; Imai et al., 2004), as well as in spms-1 mutants and double mutant acl5-1/spms-1, with no detectable levels of Spm (Figure 4A; Imai et al., 2004). In control conditions, all mutants showed similar ABA levels to those of WT seedlings. On the other hand, when seedlings were exposed to 250 mM NaCl for 6 h (salt stress conditions), ABA on acl5-1 mutant rose to levels similar to those observed stressed WT seedlings. On the contrary, spm-1 and acl5-1/spm-1 mutants showed slightly lower ABA levels than WT stressed seedlings (Figure 4A). In the same conditions, Spm-accumulating line pBISDCs-S15 had the highest levels of ABA for both control and salt stress conditions (Figure 4A).


[image: image]

FIGURE 4. Effects of Spm levels and tungstate treatment on ABA levels and gene expression of salt stress response genes. Arabidopsis WT, spms-1, acl5-1, acl5-1/spms1, and pBISDCs-S15 plants were grown for 5 days in plates without (control), or supplemented with 250 mM NaCl (saline) or 250 mM NaCl plus 0.1 mM tungstate (saline + tungstate). ABA levels (A), expressed as ng (g FW)−1, were measured for each plant and condition. Also, qRT-PCR was used to determine the expression levels of salt stress-related response genes in all conditions assayed (B–G). For each gene, data are expressed as fold change relative to the level measured in WT plants in control conditions (2−ΔΔCT). Graph show the mean of three biological replicates ± standard deviation. Significant differences between treatments are indicated with letters (ANOVA, Tukey HSD test, p < 0.05).
 

Expression of the ABA-responsive genes previously analyzed was also determined by qRT-PCR in Spm-deficient mutants (Figures 4B–E). Under control conditions, expression levels in the mutants were similar to those found in WT plants for all genes, but their expression pattern changed in salt exposed seedlings, depending on the mutant considered. Thus, spms-1 and acl5-1/spms-1 mutants were not able to raise NCED3 and RD26 expression when exposed to salt to the levels observed in salt-stressed WT and acl5-1 seedlings (Figures 4C,E, respectively). Similar observations were made for COR15A, although the expression levels were more close to WT stressed seedlings (Figure 4B). On the other side, RD22BP1 gene showed expression fold-change levels closer to the observed in WT salt-stressed seedlings for both spms-1 mutants assayed (Figure 4D).

Spm Is Able to Modulate Plant Responses to Salt Stress in an Abscisic Acid-Independent Way

ABA synthesis was blocked by addition of 0.1 mM tungstate in plates. As expected, ABA levels dropped to levels <1 ng ABA g FW−1 in 5 days seedlings of WT, Spm-treated WT or pBISDCs plants (Figure 5A). Expression levels of COR15A and RD22BP1 were higher in Spm-treated WT and pBISDCs lines than in WT seedlings (Figures 5B,D). In the presence of tungstate, expression of those genes was similar to the levels observed in the WT seedlings. (Fold changes ≤1) (Figures 5B,D), suggesting that their induction by Spm is determined by ABA-dependent pathways. On the contrary, NCED3 expression levels in presence of tungstate remained higher in Spm-treated plants and pBISDCs lines than in WT plants (Figure 5C). RD26 also showed maintenance of their expression after tungstate treatment combined with Spm or in pBISDCs seedlings (Figure 5E) but with fold change differences relative to WT control less pronounced than those observed for NCDE3 (Figure 5E).
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FIGURE 5. Effects of Spm levels, Spm treatment or tungstate treatment on ABA levels and gene expression of ABA-related genes. Arabidopsis WT, and pBISDCs transgenic plants overexpressing SAMDC1 (S3′, S9, and S15) plants were grown for 5 days in plates without (control), or supplemented with 0.1 mM tungstate (tungstate). Additionally, WT plants were grown in plates supplemented with 0.5 mM SPM. ABA levels (A), expressed as ng (g FW)−1, were measured for each plant and condition. Also, qRT-PCR was used to determine the expression levels of ABA-related genes in all conditions assayed (B–E). For each gene, data are expressed as fold change relative to the level measured in WT plants in control conditions (2−ΔΔCT). Graph show the mean of three biological replicates ± standard deviation. Significant differences between treatments are indicated with letters (ANOVA, Tukey HSD test, p < 0.05).
 

Once determined that higher Spm levels affect expression of ABA-related genes, we also tested the effect of blocking ABA biosynthesis in the different Spm-deficient situations described previously. Expression of the ABA dependent genes COR15A, RD22BP1, NCED3, and RD26 was analyzed under control and salt stress conditions in the presence or absence of tungstate. Expression levels of COR15A and RD22BP1 did not respond to salt stress in the presence of tungstate either in WT type, Spm-deficient mutants or the pBISDCs line S15 (Figures 4B,D). However, after salt stress, NCDE3 rises to levels higher than control conditions in WT, the pBISDCs line S15 and acl5-1 seedlings, and only dropped to similar levels observed in WT in Spm-deficient spm-1 and acl5-1/spm-1 mutants (Figure 4C). RD26 also showed maintenance of their expression with tungstate treatment combined with salt stress, but with fold change differences relative to WT control less pronounced than those observed for NCDE3 (Figure 4E). Similar results were obtained when ABA biosynthesis was blocked with Fluoridone (data not shown).

The specificity of Spm in relation with ABA-dependent stress responses was checked by analyzing the expression levels of SOS1 (AT2G01980) and SOS3 (AT5G24270), two members of the ABA-independent SOS (Salt Overly Sensitive) salt-signaling response pathway (Ji et al., 2013). SOS1 and SOS3·expression was similar in all seedlings of the lines assayed, and salt stress induced their expression at similar levels independently of tungstate presence or the level of Spm in the seedlings (Figures 4F,G).

DISCUSSION

During the last years, the manipulation of polyamine levels by transgenic approaches or use of loss or gain mutants has proved a useful tool to gain knowledge about possible polyamine roles in plant processes (Alcazar et al., 2006b). Transgenic approaches include heterologous overexpression studies of ODC, ADC, SAMDC, and SPDS from different animal and plant sources in rice, tobacco, tomato, and Arabidopsis (Alcázar et al., 2010).

Likewise, Spm accumulation has been previously observed in transgenic rice plants constitutively overexpressing the Datura stramonium SAMDC cDNA in transgenic rice (Thu-Hang et al., 2002) or the yeast SAMDC in tobacco (Cheng et al., 2009), as well as using ABA inducible expression of Tritordeum SAMDC in rice (Roy and Wu, 2002) or ripening-induced expression of yeast SAMDC in tomato (Mehta et al., 2002), where accumulation of Spd and Spm was observed. High levels of Put, Spd, and Spm were also observed in tobacco plants that overexpress constitutively carnation SAMDC (Wi et al., 2006). In a previous work, we were able to describe that overexpression of SAMDC1 gene in Arabidopsis leads to plants with higher Spm content than WT plants. Also, the transcriptome of pBISDCs transgenic lines showed an increase in the expression of a set of genes enriched in functional categories involved in defense-related processes against both biotic and abiotic stresses (Marco et al., 2011). In line with these results, Arabidopsis Spm-accumulating lines obtained by overexpression of SPMS share a common set of 234 genes that includes genes related with the response to water deprivation or cold acclimation (Gonzalez et al., 2011; Marco et al., 2011). In addition, it was previously observed that external Spm treatment modulated the expression of a large number of defense-related genes (Mitsuya et al., 2009). In fact, 28 genes induced from that study are also overexpressed in the pBISDCs transgenic lines, including the transcription factor AtbZIP60 (Iwata and Koizumi, 2005) and the mitogen-activated protein kinase AtMAPK3 (Takahashi et al., 2003). Moreover, Arabidopsis AtPO4-deficient plants show increased Spm levels in the roots and up-regulation of several genes encoding drought stress response proteins (Kamada-Nobusada et al., 2008).

The activation of this set of stress response genes due to Spm accumulation could be the factor that would explain the tolerance of those plants to salt stress (Figure 1). Absence of Spm on mutant line acl5-1/spm-1 causes a defect of Ca2+ homeostasis and resulted in hypersensitivity to salt stress, being this phenotype mitigated only by exogenously applied Spm, but not by Spd or Put (Yamaguchi et al., 2006). On the other hand, increased tolerance to abiotic stress by increasing Spm levels had been previously observed in other transgenic plant systems. Rice plants over-expressing Tritordeum SAMDC under the control of an ABA inducible promoter accumulate Spd and Spm and are less sensitive to salt stress (Roy and Wu, 2002). Also, rice plants with constitutive expression of D. stramonium SAMDC showed increased levels of Spm and an improved recovery after exposure to drought conditions (Peremarti et al., 2009). In the same trend, over-expression of carnation SAMDC produced accumulation of total PAs in tobacco, and generated a broad-spectrum tolerance to abiotic stresses (Wi et al., 2006). More recently, is has been described that constitutive overexpression of Capsicum annuum SAMDC in Arabidopsis increases Spd and Spm levels and leads to an increased drought tolerance of the transgenic plants compared to WT (Wi et al., 2014). Raise of Spm and Spd levels was also obtained in Arabidopsis plants by overexpression of cucurbita SPDS gene, leading to an enhanced tolerance to multiple environmental stresses (Kasukabe et al., 2004). Conversely, alterations of Spm levels have also been reported by downregulation of SAMDC gene by RNA interference strategies in tobacco (Moschou et al., 2008) and rice (Chen et al., 2014), leading to plants with reduced Spd and Spm levels and an enhanced salinity-induced programmed cell death in tobacco (Moschou et al., 2008) or with a reduced tolerance to stress by drought, salinity or chilling in rice (Chen et al., 2014).

The relationship among PA metabolism, abiotic stress, and ABA has been previously reported in several studies. Expression of ADC2, SPMS, and SAMDC2 genes is induced by the exogenous application of ABA in Arabidopsis (Urano et al., 2003). Also, induction of ADC2, SPDS1, and SPMS by drought stress is Arabidopsis is an ABA-dependent response, since up-regulation is not observed in ABA deficient (aba2) and insensitive (abi1) mutants (Alcazar et al., 2006a). Moreover, maize ADC2, ZmSPDS1 and ZmSPDS2 genes are also induced by NaCl and ABA treatments (Jiménez-Bremont et al., 2007).

Based on these results, the effect of Spm accumulation on the expression of ABA-related genes in pBISDCs plants was examined more in depth with the MAPMAN tool (Supplementary Figure S2; Usadel et al., 2005). We found three upregulated genes (NCED3, NCED4, and ABA2) that code for ABA biosynthesis enzymes (González-Guzmán et al., 2002; Tan et al., 2003). In addition, other genes coding for ABA-induced proteins like ATHVA22A, ATHVA22B (Chen et al., 2002), KIN1 (Wang et al., 1995) or the gram-domain containing protein GER5 (AT5G13200; Baron et al., 2014) were also up-regulated (Supplementary Figure S2, overexpressed). The set of under-expressed genes also includes some ABA-responsive genes as AAO2 (Seo et al., 2000), ABF4 (Kang et al., 2002) and a couple more of ABA-responsive proteins. (Supplementary Figure S2, under-expressed). These observations pointed us to carry out a more detailed study of the ABA levels and ABA response in pBISDCs plants. In order to confirm the expression data observed in the transcriptome study, expression levels of several ABA-related genes were checked by qRT-PCR. pBISDCs lines have higher levels of expression of genes that code for ABA biosynthesis genes (Supplementary Figure S2), including NCED3 (Figure 2A), and consequently higher ABA levels than WT lines in control conditions (Figure 2C).

Expression levels of a set of ABA-responsive genes were also checked by qRT-PCR. Cold-Regulated 15A gene (COR15A) codes for a member of the Late Embryogenesis Abundant protein family with a role in the protection of the chloroplast structures during freeze-induced dehydration (Steponkus et al., 1998). Responsive to Desiccation 26 gene (RD26) is induced in response to desiccation, and encodes a transcriptional activator that acts in ABA-mediated dehydration response (Yamaguchi-Shinozaki et al., 1992; Song et al., 2016). RD22BP1 gene also encodes a MYC-related transcriptional activator that is induced by dehydration stress and ABA treatment (Abe et al., 2003; Liu et al., 2018). RD29A encodes a hydrophilic protein of unknown function that is induced by salt and drought stresses (Yamaguchi-Shinozaki and Shinozaki, 1993). Expression levels of all these ABA-dependent genes were increased in the pBISDCs lines (Figure 2A). Induction of RD26 and COR15A has been previously observed in Arabidopsis plants overexpressing cucurbita SPDS, with increased levels of Spd and Spm (Kasukabe et al., 2004). Higher ABA levels on pBISDCs lines could also explain the activation of at least part of the stress-related genes observed in these Spm-accumulating lines (Supplementary Figure S2).

Additionally, external application of Spm to WT plants lead to similar changes in NCDE3 expression, ABA levels, and expression levels of the other ABA-responsive genes (Figure 5). Moreover, Spm-deficient mutants (spm-1, acl5-1/spm-1) were not able to raise ABA to similar levels than WT plants when exposed to salt stress (Figure 4A). Same observation was done for the expression levels of genes NCED3 (Figure 4C) and RD26 (Figure 4E). An increase in ABA levels has been also reported in soybean seeds treated with Spm (Radhakrishnan and Lee, 2013).

Finally, when ABA synthesis was blocked with tungstate, NCED3 maintained a certain level of induction in plants with normal (WT, acl5-1) or high (Spm-treated WT and pBISDCs lines) levels of Spm, whereas this was not observed in Spm-deficient mutants spm-1 and acl5-1/spm-1 (Figure 5, tungstate and Figure 4, saline + tungstate). The existence of an ABA-independent pathway responsible for part of the induction of ABA biosynthesis genes by salt stress was proposed previously (Barrero et al., 2006). Those authors pointed out that severe ABA-deficient mutants still showed a NaCl-dependent induction of NCED3, AAO3, and ABA1, being NCED3 the gene that showed a stronger induction with NaCl in ABA absence. Taken together, our results suggest that Spm could have a possible role in the induction of the expression of NCED3 by this ABA-independent pathway salt stress response.

On the other hand, expression levels of two members of the SOS signaling pathway, involved in the maintenance of ion homeostasis during salt stress (Ji et al., 2013) are not altered in Spm-accumulating lines in response to NaCl stress (Figures 4F,G). This observation was previously reported in Spm-deficient mutants (Yamaguchi et al., 2006).

In summary, the results obtained in this study add more evidences to the involvement of Spm in plant stress responses, for which various protective roles have been proposed. Our results suggest that one of these mechanisms could involve the modulation of ABA levels in salt stress response through modulation of ABA biosynthesis by affecting NCED3 gene expression. At the same time, Spm could be involved in an ABA-independent stress response pathway, as suggested by the results observed when ABA biosynthesis is blocked with tungstate. It remains to be determined which other changes in gene expression observed in Spm-accumulating plants results from the direct action of Spm or which gene expression changes are the consequence of cross-talking between Spm and other stress-response signaling pathways, including ABA.
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