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Promoting Roles of Melatonin in Adventitious Root Development of Solanum lycopersicum L. by Regulating Auxin and Nitric Oxide Signaling
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Melatonin (MT) plays integral roles in regulating several biological processes including plant growth, seed germination, flowering, senescence, and stress responses. This study investigated the effects of MT on adventitious root formation (ARF) of de-rooted tomato seedlings. Exogenous MT positively or negatively influenced ARF, which was dependent on the concentration of MT application. In the present experiment, 50 μM MT showed the best effect on inducing ARF. Interestingly, exogenous MT promoted the accumulation of endogenous nitric oxide (NO) by down-regulating the expression of S-nitrosoglutathione reductase (GSNOR). To determine the interaction of MT and NO in ARF, MT synthesis inhibitor p-chlorophenylalanine, NO scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide potassium salt as well as GSNOR-overexpression plants with low NO levels were used. The function of MT was removed by NO scavenger or GSNOR-overexpression plants. However, application of MT synthesis inhibitor did little to abolish the function of NO. These results indicate that NO, as a downstream signal, was involved in the MT-induced ARF. Concentrations of indole-3-acetic acid and indole-3-butyric acid, as well as the expression of several genes related to the auxin signaling pathway (PIN1, PIN3, PIN7, IAA19, and IAA24), showed that MT influenced auxin transport and signal transduction as well as auxin accumulation through the NO signaling pathway. Collectively, these strongly suggest that elevated NO levels resulting from inhibited GSNOR activity and auxin signaling were involved in the MT-induced ARF in tomato plants. This can be applied in basic research and breeding.
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INTRODUCTION

Melatonin (N-acetyl-5-methoxytryptamine) was discovered in the bovine pineal gland in 1958 (Lerner et al., 1958), and MT was identified in plants by Dubbels et al. (1995). Up to now, MT has been extensively found in the plant kingdom at concentrations usually ranging from picograms to nanograms per gram of tissue (Fan et al., 2015; Hardeland, 2016), which influences photosynthesis (Arnao and Hernández-Ruiz, 2015), organ development (Arnao and Hernández-Ruiz, 2014), root system architecture (Pelagio-Flores et al., 2012; Zhang et al., 2014), senescence (Byeon et al., 2012; Wang et al., 2013a,b; Shi et al., 2015b), defense (Weeda et al., 2014), and stress response (Pape and Lüning, 2006; Posmyk et al., 2009; Byeon and Back, 2014; Kostopoulou et al., 2015; Liu et al., 2015b; Zhang et al., 2015) in plants. With the interest in roles of MT in plants, reports of MT in plants have dramatically increased in recent years and it is anticipated that mechanism studies related to plant MT will flourish in the near future (Tan et al., 2012). Importantly, the chemical structure (indole derivative) and biosynthetic pathway (from tryptophan) suggest that MT may be related to auxin signaling (Park, 2011; Shi et al., 2015b). The major questions that remain unanswered concern how MT functions in plants, and whether it depends on auxin signaling. Also, does MT share similar functions to auxin in plants, particularly in relation to its second messenger? If so, what acts as the second messenger? These issues stimulated us to study the relationship of MT, auxin and their second messenger based on currently available literature and emerging considerations.

Adventitious root formation (ARF) begins with redifferentiation of predetermined interfascicular parenchymatous cells in the basal region of the stem after the removal of primary root system (Pagnussat et al., 2004). ARF is frequently used in basic research and breeding as it is a simple and robust in vitro method for plant culture (Duclercq et al., 2011; Liu et al., 2014). ARF is evoked by auxins (López-Bucio et al., 2015) and also MT (Sarropoulou et al., 2012a). Although several researchers have studied the effects of exogenous MT on root development (Chen et al., 2009a; Sarropoulou et al., 2012b), not much is known about the molecular mechanism associated with ARF as well as the related signal transduction events. Endogenous auxin concentrations are known to be altered during the three phases of ARF: induction, initiation and extension (Yadav et al., 2011). In cucumber seedlings, a probable signaling cascade associating with nitric oxide (NO), cyclic GMP, and mitogen-activated protein kinases for auxin-induced ARF has been proposed through pharmacological approaches (Pagnussat et al., 2002, 2003, 2004). However, the mode of MT (another indole derivative of auxin) interaction with NO that results in ARF remains unclear.

Previous study indicated that NO is produced in plant tissues by two major pathways: enzymatic and non-enzymatic (Sanz et al., 2015). Three important enzymes in the enzymatic pathway of NO production have been identified that catalyze NO synthesis in plants. The first enzyme identified was nitrate reductase (NR), which usually reduces nitrate to nitrite but can also reduce nitrite to NO using NADPH as a cofactor (Sakihama et al., 2002). Another key enzyme in NO biosynthesis is Arabidopsis thaliana NO-associated (AtNOA1), previously described as catalyzing the conversion of L-arginine to L-citrulline (Corpas et al., 2009). More recently, S-nitrosoglutathione reductase (GSNOR) was confirmed to negatively regulate the NO accumulation in several plant species (Chen et al., 2009b). Additionally, NO is a signaling molecule involved in a variety of physiological processes during plant growth and development and is an important modulator of stress response and disease resistance. As the second messenger of the cGMP signaling pathway, NO plays a pivotal role in root growth and development (Hu et al., 2005). In addition, NO triggers calcium ion homeostasis (Courtois et al., 2008), phosphatidic acid accumulation (Lanteri et al., 2008), and modulates dynamic actin cytoskeleton and vesicle trafficking in a cell type-specific manner in root apices (Kasprowicz et al., 2009). Much of these effects are ascribed to the action of NO as a signaling molecule.

It was demonstrated that MT-induced sodic alkaline stress tolerance in tomato seedlings was NO dependent (Liu et al., 2015a), and temporal accumulation of endogenous NO in cucumber root was induced by exogenous indole-3-acetic acid (IAA) (Gong et al., 2014). These observations indicated a possible interaction among MT, auxin and NO, and the interaction might be involved in ARF of de-rooted tomato seedlings in the present study.

In the present study, the MT treatment affected auxin signaling events in ARF mainly by increasing NO generation. However, a reduction of MT-induced ARF was also observed in the genotype lacking NO accumulation (GSNOR-overexpression tomato plant) and NO scavenger [2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide, potassium salt; cPTIO]-treated tomato explants. Interestingly, the auxin concentrations of apex and hypocotyl were also altered after MT addition and could be abolished by GSNOR overexpression or cPTIO application. Additionally, levels of auxin efflux genes (PIN1, PIN3 and PIN7) and auxin signaling transduction genes (IAA19 and IAA24) were significantly increased by exogenous MT application. These results strongly suggest that NO may act as a downstream signal of MT to enhance auxin signaling that induces the ARF of de-rooted tomato explants. The present study deepens understanding of the overlapping functions among MT, NO and auxin in root development as well as signaling transduction in plants.

MATERIALS AND METHODS

Plant Materials, Growth Conditions, and Rooting

Tomato seeds (Solanum lycopersicum L.) were sterilized in 2.5% sodium hypochlorite and washed three times for 5 min in sterile distilled water, then soaked in distilled water for 6 h at 28°C. After germination on filter paper in Petri dishes, seeds were transferred to the growth chamber filled with vermiculite maintained at 28°C with a 14-h photoperiod (photosynthetically active radiation = 200 μmol m−2 s−1). For selecting the appropriate concentration of MT, primary roots of 10-days-old seedlings were removed and tomato explants were maintained under the same conditions of temperature and photoperiod for up to 7 days with 0, 12.5, 25, 50, 75, and 100 μM MT, respectively. By the same pretreatment of tomato seedlings, 50 μM MT, 50 μM SNP (sodium nitroprusside; an NO donor), 50 μM GSNO (S-nitrosoglutathione; another NO donor), 200 μM cPTIO (a specific NO-scavenger), and 50 μM CPA (p-chlorophenylalanine; a MT synthesis inhibitor) (Park, 2011) were used, respectively.

In this study, the wild type (WT) was a self-pollinated homozygous tomato line. OEGSNOR, a transgenic tomato line with GSNOR overexpression (Gong et al., 2015) was used as material with lower concentration of NO.

Detection of NO

The NO formation was measured using the fluorescent dye diaminofluorescein-FM diacetate (DAF-FM DA; Sigma, Stockholm, Sweden). Hypocotyls were placed in 1 ml of buffer solution (10 mM Tris-HCl, pH 7.2) and then incubated for 20 min at room temperature with 1 ml of DAF-FM DA at a final concentration of 5 μM in loading buffer (10 mM Tris-HCl, pH 7.2). The incubation solutions were then pipetted off and hypocotyls were washed three times with fresh loading buffer to remove excess fluorochrome. After being washed, the hypocotyls were mounted on a microscope slide in the same medium for examination with a confocal laser scanning microscope system, using standard filters and collection modalities for DAF-FM DA green fluorescence (excitation 495 nm; emission 515 nm). The pixel intensities of fluorescence images, acquired using a confocal microscope, were determined using ImageJ software (Schneider et al., 2012).

Nitric Oxide content was determined according to the method of luminol-H2O2 chemiluminescent (Kikuchi et al., 1993), with some modifications in plant (Gao et al., 2009). Briefly, NO generation was estimated by a luminol-H2O2 chemiluminescence method. This method is based on the specific chemiluminescence reaction of luminol with peroxynitrite, a stronger oxidizing species than H2O2 that can be produced by the reaction of NO with H2O2, in alkaline carbonate buffer. Samples were ground in an ice bath with a mortar and pestle at a ratio of 200 mg fresh weight per mL of cold deoxygenated water (freshly prepared by boiling distilled deionized water for 1 h). The extracts were centrifuged at 12,000 × g for 20 min at 4°C and the supernatant fraction was immediately used for chemiluminescence detection using a computerized BPCL ultra-weak chemiluminescence analyzer (Institute of Biophysics, Academia Sinica, China) at one-second intervals by a photon-counting method. NO concentration was expressed as chemiluminescence counts per gram of fresh weight (counts g−1 FW).

Quantification of MT

MT was extracted using the acetone-methanol method (Pape and Lüning, 2006). Briefly, 1 g of samples of apex or hypocotyl from different treatments were ground in liquid nitrogen, and then transferred to 5 ml of extraction mixture (acetone:methanol:water = 89:10:1) and homogenized extensively on ice, and the homogenate was centrifuged at 4500 × g for 5 min at 4°C. The supernatant was moved to a new centrifuge tube containing 0.5 ml of 1% trichloroacetic acid for protein precipitation. After centrifugation at 12 000 × g for 10 min at 4°C, the extract was used for quantification of MT using an ELISA Kit (EK-DSM; Buhlmann Laboratories AG, Schonenbuch, Switzerland) according to the manufacturer's instructions.

Semi-Quantitative PCR and Real-Time Quantitative PCR Analyses

Total RNA was extracted from plant using the TRIzol method according to the supplier's instructions (Invitrogen, Carlsbad, CA, USA). DNase was used during RNA extraction to reduce DNA contamination. cDNA synthesis was performed according to standard procedures of a Revert Aid First Strand cDNA synthesis kit (Fermentas, Ontario, Canada). Tomato β -actin gene was used as the internal control for quantification of transcripts. Semi-quantitative PCR and real-time quantitative PCR (RT-qPCR) were performed per primer pair (Supplementary Table 1). Semi-quantitative PCR was carried out using the following program: an initial denaturation at 94°C for 3 min, followed by 24–30 cycles of 94°C for 30 s, Tm – 5°C for 30 s and 72°C for 1 min, and a final extension at 72°C for 10 min, and PCR products were detected by 1% agarose gel in 1 × TAE with ethidium bromide. Gels were visualized under short wave ultraviolet (UV) light in a UVP Biospectrum AC Imaging System GelDoc station and photographed using a digital camera. RT-qPCR used an aliquot of cDNA (1/500), Power SYBR Green PCR Master Mix (Applied Biosystems, Calif., USA), and 200 nM of each primer on an ABI Prism 7900 HT machine. Data were analyzed using SDS 2.500 software (ABI), and relative expression was calculated using the comparative cycle threshold method with normalization of data to the geometric average of the internal control genes (Pfaffl, 2001).

IAA Content Measurement

Harvested samples of 20 different plants were rinsed with distilled water, blotted dry, freeze-dried, and then frozen in liquid nitrogen immediately after excision, ground and immediately weighed. The tissue samples were homogenized in a methanol solution. The extract was passed through a C18 column on a solid phase extractor and the eluate was collected. Then 1 ml of methanol was continuously added to the C18 column. IAA in the extracts was quantified by high performance liquid chromatography (Waters 515, Massachusetts, USA) with a UV detector (254 nm) and a quantitative tube that automatically and accurately controlled the set volume injected. The operating conditions were a Hypersil reversed phase C18 column (μ Bondapak, 250 mm × 4.6 mm i.d.), a mobile phase of methanol:water (4:1; v/v), a flow rate of 0.6 ml min−1, an injection volume of 20 μl and a temperature of 25°C. Under these conditions, the retention time for IAA was 4 min.

Statistical Analysis

Data were subjected to analysis of variance (ANOVA) using SPSS 22.0 software (IBM SPSS Corp., Armon, NY, USA). Differences between treatments were determined by Duncan's multiple range test at p < 0.05 level. Data were plotted using Origin 8.6 software (OriginLab, Northampton, MA, USA). Data are presented as the mean ± standard deviation of three replicates.

RESULTS

Dose-Dependent Curves for ARF in Response to Exogenous MT

The phenotype of ARF treated with different concentrations of MT is shown in Figure 1A. The primary root system was removed from hypocotyls of 10-days-old tomato seedlings and explants were incubated for 6 days with 0, 12.5, 25, 50, 75, and 100 μM MT, respectively. Compared with no MT treatment, treatment with exogenous MT significantly enhanced the numbers of adventitious roots for the concentrations applied (p < 0.05). The number of adventitious root peaked for 50 μM, and then declined with increasing MT concentration in Figure 1B. However, single roots became shorter with MT treatment that resulted in greater total length of adventitious roots. Interestingly, the effect of MT on ARF appeared to be promoting at low concentration and repressing at high concentration (Figures 1C,D). This characteristic makes MT seem like a novel phytohormone, which is of great significance to plants. According to our comprehensive estimations for these parameters and phenotype, the most powerful concentration of MT (50 μM) for induction of adventitious root was used for further studies.
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FIGURE 1. Adventitious root formation in response to exogenous MT of different concentrations. (A) The primary root system was removed from hypocotyls of 10-days-old germinated tomato. Explants were incubated with 0, 12.5, 25, 50, 75, or 100 μM MT. Photographs were taken after 6 days of treatments. (B) Root numbers in different concentrations of exogenous MT. (C) Root lengths in different concentrations of exogenous MT. (D) Average root lengths in different concentrations of exogenous MT. These are expressed as means of five replicates ± standard deviation (SD), and different letters indicate significant difference (p < 0.05).



Effects of Exogenous MT on Endogenous NO Metabolism

To explore the role of NO in MT signaling, we examined MT-induced NO production in hypocotyls during root formation. The NO content was determined at 3 days of treatment of the de-rooted tomato hypocotyls, where new adventitious roots regenerated. With 50 μM MT treatment, the NO content of WT reached the highest level (Figure 2C) as well as relative fluorescence intensity (Figure 2B). Meanwhile, different treatments were loaded with the permeable NO-sensitive fluorophore DAF-FM DA. There was increasing NO-associated fluorescence in cross sections of MT-treated hypocotyls, especially in the pericycle, epidermis, and adventitious roots (Figure 2A). The intensity of fluorescence was increased by MT treatment and peaked for 50 μM, and then markedly decreased with increasing MT concentration. In contrast to WT, OEGSNOR tomato showed lower endogenous NO levels under the same conditions, and the no-MT treatment showed particularly faint fluorescence. In addition, although the layers of cortex increased moderately, the total cell number increased drastically after MT treatment. All of these implied that exogenous MT may have activated endogenous NO signaling, which may have initially stimulated differentiation of the pericycle which has great potential to control the exchange of signal substances through the epidermis as the main communication channel. In order to check the mechanism of MT regulating NO, the expression of NR, GSNOR, and NOA were determined by semi-quantitative PCR at 2 days of MT treatment (Figure 2D) and RT-qPCR data were also produced (Figure 2E). In relation to actin, the expression of NR was up-regulated by MT treatment, with the highest intensity for 50 μM MT. In contrast, GSNOR expression was down-regulated by MT treatment. NOA expression showed no significant differences for the different MT concentrations.
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FIGURE 2. Effects of exogenous MT on endogenous NO metabolism. (A) Detection of contents of MT-induced NO by fluorescence staining. 4,5-Diamino-fluorescein diacetate fluorescence detected in a cross section from 3 mm distance to the tip of the hypocotyls, where new meristematic tissue and adventitious root formed. Photographs were taken after 3 days of treatment. WT indicates WT tomato and OEGSNOR indicates tomato overexpressing GSNOR. (B) NO content in different treatments. (C) Relative expression of NO metabolism related genes. Values are expressed as means of three replicates ± SD, and different letters indicate significant difference (p < 0.05). (D) Fluorescence intensity of NO expressed as arbitrary units (A.U.) using ImageJ software. The same letter above a column indicates no difference at p < 0.05. (E) Expressions of NR, GSNOR and NOA measured by RT-QPCR. Values are expressed as means of three replicates ± SD, and different letters indicate significant difference (p < 0.05).



Effects of Exogenous MT on the Endogenous Auxin

The formation of adventitious roots is a complex genetic trait regulated by environmental and endogenous factors, among which the phytohormone auxin plays an essential role. Because exogenous MT showed a similar function to auxin in the induction of adventitious roots, concentrations of IAA and indole-3-butytric acid (IBA) were determined (Figure 3). Compared with hypocotyl, concentrations of both IAA and IBA were higher in the apex. In the 48 h of post-excision, the IAA concentration in hypocotyl increased, especially in the MT treatment, which doubled the IAA concentration. Showing an opposite trend, the IAA concentration in the apex of control decreased throughout the 48 h of rooting process; while MT treatment led to IAA increasing in the first 12 h, and then decreasing until 48 h. Similarly, with or without MT application, the IBA concentration showed an increasing and decreasing tendency in hypocotyl and apex, respectively. At 24 h, the IBA concentration in MT-treated hypocotyl reached its highest level, and then slightly decreased until 48 h of treatment. All these differences indicated that IAA and IBA contents as well as their distribution were regulated in de-rooted tomato seedlings by exogenous MT.
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FIGURE 3. Concentration of IAA and IBA during the MT-induced adventitious root development. The primary system was removed from hypocotyls of 10-days-old tomato seedlings. Explants were incubated with water (Control) and 50 μM MT (MT). Data represent the means of five replicates ± SD, and different letters indicate significant difference (p < 0.05).



Effects of Exogenous NO on Endogenous MT Accumulation

MT concentration in different parts was dynamically monitored to elucidate the effect of exogenous NO on endogenous MT. After removing the primary root system, endogenous MT kept increasing in both apex and hypocotyl of control seedlings. The application of SNP significantly increased the endogenous MT concentration at 12 h of treatment (p < 0.05), and then its concentration declined (Figure 4). MT induced by NO may function as signaling at early stages and be used afterwards in ARF of the hypocotyl. Before 12 h, SNP induced large increases in MT concentration both in hypocotyl and apex, indicating that NO could play a positive role in response to MT in the MT-promoted ARF signaling pathway.
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FIGURE 4. MT concentration during the NO-induced adventitious root development. The primary root system was removed from hypocotyls of 10-days-old tomato seedlings. Explants were incubated with water (Control) and 50 μM SNP (SNP). Data represent the means of five replicates ± SD, and different letters indicate significant difference (p < 0.05).



Interaction of MT and NO Involves the Signaling Pathway of Inducing ARF

Pharmacological and genetic methods were used to clarify the interaction of MT and NO in the process of promoting ARF. Application of NO significantly promoted ARF (p < 0.05) (Figures 5A–C), while the function of NO was removed by cPTIO (Figures 5D,L). Similarly, adventitious roots increased in numbers and total length with MT treatment (Figure 5G), and greatly decreased with CPA (Figure 5H). Interestingly, after treating WT with MT + cPTIO (Figure 5I), the rooting situation was much better compared to treatment with only cPTIO (Figure 5D). However, the situation of treating WT with MT + cPTIO was even worse than WT treated with SNP + CPA (Figure 5J) or GSNO + CPA (Figure 5K). This indicated that NO was a downstream signal of MT in ARF. The phenotype for OEGSNOR with MT treatment (Figure 5O) was very similar to that for WT with MT + cPTIO treatment (Figure 5I), and both these treatments got lower score for ARF than WT with NO + CPA treatment (Figures 5J,K). Root numbers, lengths and average root lengths are corresponding with the phenotype (Figures 5P–R). From the genetic aspect, this suggested that NO played an important role in ARF.
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FIGURE 5. Interactive effect of MT and NO on adventitious root formation. The primary system was removed from hypocotyls of 10-days-old germinated tomato. (A) WT; (B) WT + SNP; (C) WT + GSNO; (D) WT + cPTIO; (E) WT + SNP + cPTIO; (F) WT + GSNO + cPTIO; (G) WT + MT; (H) WT + CPA; (I) WT + MT + cPTIO; (J) WT + SNP + CPA; (K) WT + GSNO + CPA; (L) OEGSNOR; (M) OEGSNOR + SNP; (N) OEGSNOR + GSNO; (O) OEGSNOR + MT. Photographs were taken after 5 days of treatment. (P) Root numbers in different treatments. (Q) Root lengths in different treatments. (R) Average root lengths in different treatments. These are expressed as means of five replicates ± SD, and different letters indicate significant difference (p < 0.05).



Role of IAA and NO in the Process of ARF Regulation by MT

To determine the effects of different treatments on auxin accumulation and ARF in the explants, the levels of IAA were monitored in the hypocotyl of different combined treatments. At 12 h, IAA concentrations in the MT treatment and control were significantly different (Figure 3) and at this time the SNP treatment resulted in a large difference in MT concentration (Figure 4). MT treatment markedly increased the IAA concentration (p < 0.05; Figure 6), and similar results were obtained in exogenous NO treatments in which SNP and GSNO were used as NO donors. Whereas the accumulation of IAA induced by MT was dramatically abolished by cPTIO application, in contrast, the CPA had a much lower effect on IAA accumulation induced by GSNO and SNP. Similarly, cPTIO also decreased IAA levels in other treatments including WT, WT with SNP and WT with GSNO. OEGSNOR tomato seedlings were used as lower NO material, and showed much lower IAA accumulation compared to WT. The SNP and GSNO application significantly increased IAA level in OEGSNOR, while MT had no significant effect on IAA accumulation in WT.
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FIGURE 6. IAA concentration with different treatments during adventitious root development in the hypocotyl sampled at 12 h. Values are expressed as means of five replicates ± SD, and different letters indicate significant difference (p < 0.05).



Genes Expression Related with Auxin Signaling in ARF

It was previously demonstrated that auxin plays a vital important role in ARF. In the present study, a series of genes related to auxin signaling was analyzed firstly by Semi-quantitative PCR (Supplementary Figures 1–3). To ensure the screening results, RT-QPCR was used to detect the expression of those genes that showed more response to MT (Figure 7). The level of PIN1, PIN3, and PIN7 increased both in apex and in hypocotyl treated with MT. In the early stage, the PIN1 level in hypocotyl increased sharply, the level of PIN3 also increased with time, and the level of PIN7 increased at a comparatively later period. Compared with WT, IAA19 decreased in hypocotyl at the early stage after MT treatment, and then increased. The same trend occurred for the apex, except that there was no difference at 3 h. MT treatment decreased the IAA24 level at 3 h and increased it at 6 h in hypocotyl.
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FIGURE 7. Relative expression of genes in response to MT treatment. RT-QPCR analyses were used to assess the apex and hypocotyl samples at 0, 3, 6, 12, and 24 h with (+) or without (-) MT treatment. Values are expressed as means of three replicates ± SD, and different letters indicate significant difference (p < 0.05).



DISCUSSION

The present study provides evidence that NO acts as a positive modulator of the MT and auxin signaling pathway in ARF. Previous study indicated that MT induced the accumulation of IAA in Brassica juncea roots (Chen et al., 2009a). In the present study, we also provided evidence that the MT-induced tomato ARF depended on the MT function in regulating auxin metabolism. Furthermore, in this process, NO, as a downstream signal of MT, played an important role. Shi et al. (2015a) reported that MT-induced NO production was responsible for innate immunity response of Arabidopsis against Pst DC3000 infection. However, the interactions between MT and NO, as well as other important molecules, especially related to auxin signaling, in ARF are largely unknown.

Hernández-Ruiz et al. (2005) showed that MT inhibited root elongation in some monocots, canary grass, and oats, even at very low concentrations of 10 μM. Herein, we observed that exogenous MT increased root growth in 10-days-old tomato explants at low concentrations, but inhibited root growth at higher concentrations, in accordance with a previous report (Chen et al., 2009a). It is known that MT has the same precursor as and similar physiological functions to auxin. The latter molecule also has bimodal effects on plant growth: promoting growth at low concentrations and inhibiting growth at high concentrations (Ljung, 2014; Laplaze et al., 2015). So, we speculated that low MT concentration promoting the ARF was probably due to the regulation of auxin accumulation or distribution. In the present study, 50 μM MT had the maximal positive effect on ARF of tomato explants. Endogenous IAA and IBA levels of both apex and hypocotyl indicated that stimulation of ARF by 50 μM MT was due to its function in stimulating IAA accumulation and acropetal auxin transport (Figure 3). IBA, the second most abundant natural auxin, generally participated in ARF because of its stability when exposed to light compared to IAA. It was shown that ABCG36 and ABCG37 appeared to efflux IBA rather than IAA (Strader and Bartel, 2009). Interestingly, it was demonstrated that IBA was converted into IAA and was proposed to be active only after its conversion (Pacurar et al., 2014). Hence, the transportation and accumulation of IBA was also important for ARF. For the reason of increased IAA and IBA in hypocotyl were only a little more than reduced IAA and IBA in apex. Thus, MT's effect on ARF of de-rooted hypocotyls seemed to involve mechanisms mainly depending on acropetal auxin transport. However, the specific mechanism remains unknown.

As an important gaseous molecule and secondary messenger, NO-mediated root development and the association between auxin and NO are well-documented (Abu-Abied et al., 2012; Terrile et al., 2012). Application of exogenous NO was suggested to promote ARF in Arabidopsis (Campos-Cuevas et al., 2008), cucumber (Pagnussat et al., 2004), and marigold (Liao et al., 2012), while inhibitors of NO generation attenuated the ARF in Arabidopsis and other plant species (Abu-Abied et al., 2012; Terrile et al., 2012). The crosstalk between auxin and NO in root development was determined in previous studies, which led us to determine the relationship between MT and NO. As a new insight, the analysis of NO fluorescence probes provides strong evidence that MT stimulated the NO accumulation through NR and GSNOR pathways (Figure 2). More importantly, the organizational location of MT-induced NO was shown to mainly accumulate in the cambium and phloem of hypocotyls as well as new adventitious roots, implying that NO was involved in the MT-mediated ARF process. Moreover, compared with WT explants, less accumulation of NO as well as a weaker capacity for ARF in GSNOR-overexpression explants also provided support for our observations. Collision with the traditional view in animal, several previous studies suggested that MT reduces nitric oxide synthase activity in hypothalamus (Bettahi et al., 1996), cerebellum (Pozo et al., 1994), and liver (Taysi et al., 2003) of rat. However, Thakor et al. (2010) showed that MT activated vasodilatation and increased conductance in the umbilical vascular bed by stimulating NO synthesis. There are several mechanisms via which MT could increase NO bioavailability. MT can prolong the action of NO by inhibiting cGMP-phosphodiesterase in animal (Ting et al., 2000). Recently, MT was also reported to induce NO generation in Arabidopsis (Shi et al., 2015a) and tomato (Liu et al., 2015a). These differences of MT and NO relationship may be explained in part by dose-dependent and regional effects of the indole amine. At the same time, it also indicates a complex relationship between MT and NO in plants.

The present study provided several lines of evidence that NO, as a downstream signal, was involved in MT-induced ARF of tomato. Firstly, MT-induced ARF was accompanied by up-regulating NR and down-regulating GSNOR, which elevated endogenous NO levels in de-rooted hypocotyls (Figure 2). Secondly, scavenging of NO by cPTIO or inhibiting NO generation by overexpressing GSNOR abolished MT-induced ARF (Figure 5). Thirdly, exogenous NO also induced ARF, which was not abolished by CPA (Figure 5). In addition, the temporal changes in auxin accumulation (Figure 6) and transcript levels of genes involved in auxin signal transport (Figure 7) were consistent with the role of NO in MT-induced ARF. However, we also observed that NO increased the levels of MT in both apex and hypocotyls (Figure 4), indicating a possible NO feedback to MT biosynthesis in tomato plants. The nature of the relationship between MT and NO is still highly controversial: MT and its precursors may act as scavengers of NO (Noda et al., 1999) but MT also induces NO accumulation. Here, we conjecture that low amounts of NO are produced after application of MT, which acts as a signaling molecule, playing a critical role in the ARF process. These provide a new insight into the ability of MT to work together with other signaling pathways to regulate plant development.

In addition, MT altered the expression of a large number of auxin-related genes. The polar localization of PIN proteins is responsible for auxin transport and disruption, which directly affect IAA transport to regulate the ARF process (Yadav et al., 2010). A previous study indicated that PIN1 promoted the auxin lateral efflux from the hypocotyl vasculature to the pericycle founder cells in ARF (Della Rovere et al., 2013), which suggests that MT-induced PIN1 expression was beneficial for ARF in our study (Figure 7). PIN3 is redirected toward one side of the columella cells and determines the direction of auxin flux, which leads to asymmetric auxin accumulation and differential growth (Friml et al., 2002). PIN3 redistributes the auxin toward locating in columella cells, where adventitious roots and accumulated NO were detected (Figure 2A). MT also increased the abundance of PIN7 transcripts with a three- to five-fold enhancement in hypocotyl (Figure 7). This suggests that PIN7 may make more contribution to cell proliferation and elongation rather than differentiation. Auxin/IAA proteins are transcriptional regulators that mediate many aspects of plant responses to auxin (Wang et al., 2005). We examined the abundance of these transcripts with distinct spatial and temporal expression patterns, and found that IAA19 and IAA24 were significantly changed.

Based on aforementioned results and analysis, a schematic illustration for a possible mechanism of MT regulating ARF in tomato was produced (Figure 8). MT triggers NO accumulation by up-regulation of NR expression and down-regulation of GSNOR expression, and NO increased IAA accumulation, which combined with transportation and distribution of auxin regulated by MT, play important roles in ARF. However, research on MT signals in plants is just at the beginning, and more work is needed to gain a more accurate understanding of the MT signal pathway in ARF regulation.


[image: image]

FIGURE 8. Schematic illustration for MT signaling induced ARF. MT triggers NO accumulation by up-regulating expression of NR and down-regulating GSNOR. In turn, NO feedback controls the accumulation of MT. The accumulation of auxin could be induced by NO to improve the ARF process. In parallel, perception and transport of the auxin signal are also present, leading to ARF in the MT signaling pathway.
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