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Humic matter elicits proton and calcium fluxes and signaling dependent on Ca2+-dependent protein kinase (CDPK) at early stages of lateral plant root development
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Abstract
Background
The humic acid (HA) fraction of soil organic matter (SOM) exerts an effective plant growth promotion through a complex mechanism involving a coordinated activation of several key ion transport and signaling systems. We investigated the effects of HA on H+ and Ca2+ cellular dynamics at the early stages of lateral plant root development.

Results
Emergence of lateral root in rice seedlings were related to specific H+ and Ca2+ fluxes in the root elongation zone underlying an activation of the plasma membrane H+-ATPase and of the Ca2+-dependent protein kinase (CDPK). The latter was coupled with an increased expression of the voltage-dependent OsTPC1 Ca2+channels and two stress responsive CDPK isoforms, such as OsCPK7 and OsCPK17.

Conclusions
HA act as molecular elicitors of H+ and Ca2+ fluxes, which seem to be upstream of a complex CDPK cell-signaling cascade. These findings shed light on the first ion signaling events involved in the mechanism of action of HA on plant growth and development.


Electronic supplementary material
The online version of this article (doi:10.​1186/​s40538-014-0030-0) contains supplementary material, which is available to authorized users.

Keywords
Calcium ionAnion channelH+-ATPaseRiceIon-selective vibrating probepH signalingPhysiological effects of humic substances
Background
Humic substances (HS) represent the major components of soil organic matter (SOM) and are complex supramolecular associations of biotically and abiotically transformed biomolecules released in soil after cell lyses [1]. They exert diverse morphological, physiological, and biochemical influence on plant growth [2]. HS effects may be either stimulating or inhibiting plant activities, depending on their origin, molecular composition, and concentration, and also varying with plant species and interactions with symbiotic microorganisms [3]. Despite prolonged efforts aimed to correlate molecular composition and structural arrangements of humic substances with their biological activity on higher plants, the involved mechanisms of action are yet to be elucidated [4-7].
Tip-growing plant cells, as root hair and cells in elongation zone, exhibit markedly polarized internal gradients and/or external fluxes of important regulatory ions (e.g., calcium, protons, and anions). Calcium (Ca2+) ions are since long recognized to represent important second messengers in many signaling pathways, while increasing evidences have accounted pH changes to several Ca2+-dependent signal transduction in plant and fungal cells [8,9].
Protons (H+) are major contributors to cell currents [10] and H+ fluxes through membranes control the cytosolic pH regulation, the secondary active transport of organic and inorganic nutrients, turgor-regulation, and cell wall plasticity. These processes are described by the ‘acid-growth theory’ [11] that suggests a close relationship between H+ pump activity and wall acidification and cell expansion. This mechanism has been also associated with the auxin effects on seed embryo growth [12] and early growth responses to gravistimulation of root cells [13].
Auxin cell signaling elicited by HS was previously showed by Trevisan et al. [14] using the DR5::GUS construct in Arabidopsis, and evidence for their involvement in plasma membrane H+-ATPase activation has been recently reported [7,15]. This enzyme creates the electrochemical gradient of H+ that energizes secondary transport processes, including ion and nutrient uptake [16]. The influence of HS on H+-ATPases and H+ transport has been extensively reported [17,18].
Protein kinases have also paramount importance in cell signal transduction [19,20]. They are responsible for the post-translational control of target proteins and act as critical regulators of various signaling cascades [19]. Furthermore, many plant receptors are endowed with protein kinase activity, through the participation in processes like growth, hormone perception, and stress responses [21]. Cytoplasmic Ca2+ oscillations also play a key role in cell signaling, either through activation of ion channels or as secondary messenger [22]. Signaling occurs when the cell is stimulated to release the Ca2+ ions stored in intracellular compartments, or when Ca2+ ions enter the cell via the plasma membrane, resulting in cytosolic waves in which the Ca2+ concentration increases by 1 or 2 orders of magnitude over a short period of time [22,23].
The aim of this work was to verify whether humic matter is capable to regulate the elongation of lateral roots in rice seedlings by a mechanism of integrated modulation of membrane Ca2+ and H+ fluxes and specific calcium-dependent protein kinase (CDPK) activations.

Methods
Isolation of humic acids from vermicompost
A vermicompost was obtained from cattle manure. The organic residues were mixed and earthworms were added at a ratio of 5 kg earthworms (Eisenia foetida) per m3 of organic residue. A bed of worms and organic residues was first prepared in a container and additional layers of organic residues were periodically placed over the pile, as a function of temperature, until the pile reached 50 cm. At the end of the transformation process (3 months after addition of the last organic residues), worms were transferred into a pile of fresh organic residue (plant + cattle manure) placed in a corner of the container and the vermicompost removed and sieved through a 2-mm sieve. The vermicompost had the following properties: pH 7.8, 46.5 g kg−1 total organic carbon and 17.3 g kg−1 humic acid (HA) carbon. HA were isolated from vermicompost and purified as reported elsewhere [17]. The HA were suspended in distilled water and titrated to pH 7.0 by automatic titrator (VIT 909 Videotitrator, Copenhagen, Denmark) with a 0.1 NaOH solution under N2. The resulting sodium-humates were then passed through a 0.45-μm Millipore filter (Millipore, Billerica, MA, USA), dialyzed against ultrapure water and freeze-dried.

HA characterization
Total organic carbon (OC), nitrogen (TN), and hydrogen (H) contents were determined by dry combustion using an automatic CHN analyzer (Perkin-Elmer 2400 Series, Perkin-Elmer, Norwalk, CT, USA). The oxygen (O) content was obtained by difference after deducting the ash content (2.1%). The C functionality distributions of the humic acid samples were determined by solid-state CP-MAS 13C-NMR spectroscopy. The spectra were acquired with an Avance 500 MHz (Bruker, Karlsruhe, Germany) spectrometer equipped with a 4-mm-wide bore MAS probe and operating at 13C and 1H frequencies of 125 MHz and 500 MHz, respectively. The samples (100 to 200 mg) were packed in 4-mm zirconia rotors with Kel-F caps, which were spun at 13 ± 1 kHz. The spectra were acquired by the ramped CP-MAS method, with linear amplitude variation of the 1H pulse. The experiments were carried out using a cross-polarization time of 1.0 ms, an acquisition time of 25 ms, a cycle delay of 2 s and a high-power two-pulse phase modulation (TPPM) proton decoupling of 70 KHz. The Bruker Topspin 1.3 software (Bruker Biospin, Karlsruhe, Germany) was used to collect and process the spectra. All the free induction decays (FIDs) were transformed by applying a 4 k zero filling and a line broadening of 75 Hz. The spectra were normalized by area and integrated in the following 13C chemical shift intervals: 190 to 160 ppm (carbonyls of ketones, quinones, aldehydes, and carboxyls), 160 to 140 ppm (phenols and O-substituted aromatic C), 140 to 110 ppm (unsubstituted aromatic C and olefinic C), 110 to 95 ppm (anomeric C), 95 to 65 ppm (O-alkyl systems), 65 to 45 ppm (methoxy substituent; N-alkyl groups), and 45 to 0 ppm (alkyl C, mainly CH2 and CH3). The relative areas of the alkyl (45 to 0 ppm) and aromatic (160 to 110 ppm) components were summed to represent the proportion of hydrophobic C in the humic samples (degree of hydrophobicity, HB). Similarly, the summation of the relative areas in intervals related to polar groups (190 to 160 ppm and 110 to 45 ppm) indicates the degree of C hydrophilicity (HI); the HB/HI ratio was then calculated.

Germination of Oryza sativa
                
Rice (O. sativa var. Nipponbare) seeds provided by Plant Mineral Nutrition Laboratory of UFRRJ, were surface sterilized by soaking in 0.5% (w/v) NaClO for 30 min, followed by rinsing and then soaking in water for 6 h. Afterward, the seeds were sown on wet filter paper and germinated in the dark at 28°C. A preliminary assay was conducted by using 4-day-old seedlings with roots approximately 5 cm long. These were transferred into a solution containing 2 mM CaCl2 and HA at varying concentrations: 0, 0.5, 1.0, 2.0, 4.0, 6.0, and 8.0 mM C L−1. A minimal medium (2 mM CaCl2) has been used to avoid any interference from nutrients that may act synergistically with humic matter on plant growth and metabolism. After regression analysis, a new experiment was carried out using the best concentration (best dose = 3.5 mM).

Root growth measurement
On the 7th day, 20 seedling roots for each treatment were collected to estimate root area using Delta-T scan software (Delta-T Devices, Cambridge, UK).

Frequency of sites of lateral root emergence
Seeds of rice were germinated for 4 days in wet filter paper and rooted in a medium containing 0 or 3.5 mM C HA L−1. The whole root systems (three replicates) of both treatments were harvested every day during a period of 7 days to evaluate the number of mitotic sites after mild digestion by boiling at 75°C for 20 min in KOH (0.5%, w/v) and hematoxylin treatment according to Canellas et al. [17].

PM-enriched vesicles
Plasma membrane (PM) vesicles were isolated from rice roots grown with and without 3.5 mM C HA L−1 using differential centrifugation. In brief, about 15 g (fresh weight) of rice roots was homogenized using a mortar and pestle in 30 mL of ice-cold buffer containing 250 mm Suc, 10% (w/v) glycerol, 0.5% (w/v) polyvinylpyrrolidone-40 (40 kD), 2 mM ethylenediaminetetraacetic acid (EDTA), 0.5% (w/v) bovine serum albumin, and 0.1 M Tris-HCl buffer, pH 8.0. Just before use, 150 mM KCl, 2 mM dithiothreitol (DTT), and 1 mM phenylmethylsulfonyl fluoride were added to the buffer. The homogenate was strained through four layers of cheesecloth and centrifuged at 8,000×g for 10 min. The supernatant was centrifuged once more at 8,000×g for 10 min and then at 100,000×g for 40 min. The pellet was resuspended in a small volume of ice-cold buffer containing 10 mM Tris-HCl (pH 7.6), 10% (v/v) glycerol, 1 mM DTT, and 1 mM EDTA. The suspension containing membrane vesicles was layered over a 20%/30%/42% (w/w) discontinuous Suc gradient that contained, in addition to Suc, 10 mM Tris-HCl buffer (pH 7.6), 1 mM DTT, and 1 mM EDTA. After centrifugation at 100,000×g for 3 h in a swinging bucket, the vesicles that sedimented at the interface between 30% and 42% (w/w) Suc were collected, diluted with three volumes of ice-cold water, and centrifuged at 100,000×g for 40 min. The pellet was resuspended in a buffer containing 10 mM Tris-HCl (pH 7.6), 10% (v/v) glycerol, 1 mM DTT, and 1 mM EDTA. The vesicles were either used immediately or frozen under liquid N2 and stored at −70°C until use. Protein concentrations were determined by the method of Lowry et al. [24].

ATPase activity
ATPase activity in PM vesicles was determined by measuring the release of Pi colorimetrically. Between 80% and 95%, ATPase activity in PM vesicles, as measured at pH 6.5, was inhibited by vanadate (0.1 mM), a very effective inhibitor of the PM P-type H+-ATPase. In all experiments, the ATPase activity was measured at 30°C, with and without vanadate, and the difference between these two activities was attributed to the PM H+-ATPase.

ATPase H+ pumping
The electrochemical H+ gradient generated by the H+-ATPase was estimated from the initial rate of quenching of the fluorescent pH probe 9-amino-6-chloro-2-methoxyacridine (ACMA) (2.5 μM, 415/485 nm excitation/emission) and expressed in percentage of quenching per minute. The assay medium contained 10 mM HEPES-KOH (pH 6.5), 100 mM KCl, 3 mM MgCl2, 2.5 μM ACMA, and 0.05 mg L−1 PM vesicle proteins. The reaction was triggered by addition of 1 mM ATP.

Measurements of H+ and Ca2+ anion fluxes
Measurements of ion fluxes in rice plants treated with HA were conducted by using the ion-selective vibrating probe system. For H+ and Ca2+ measurements, rice roots were grown in hydroponic conditions and placed in plastic Petri dishes (140 × 140 mm) filled-up with 30 mL of modified Clark solution at ¼ strength supplemented with 0 mM or 3.5 mM C HA, excepted for Ca2+ measurements when 100 μM Ca2+ was used. Three to four days after germination, ion fluxes were analyzed by the vibrating probe system. H+-specific vibrating microelectrodes were produced as described by Feijó et al. [8]. Micropipettes were pulled from 1.5-mm borosilicate glass capillaries with a Sutter P-98 Flaming Brown electrode puller (www.​sutter.​com). These were then baked in covered dishes at 250°C for 8 to 12 h and vaporized with dimethyl dichlorosilane (Sigma, St. Louis, MO, USA) for 30 min, and the covers were removed before further baking at 250°C for 1 h. After silanization, the capillaries were backfilled with a 15- to 20-mm column of electrolyte (15 mM KCl and 40 mM KH2PO4, pH 6.0 for H+; 100 mM KCl for anions; 100 mM CaCl2 for Ca2+) then front-loaded with a 20- to 25-μm column of a pH selective liquid exchange cocktail from Fluka (Milwaukee, WI, USA). This contained protons (hydrogen ionophore II-cocktail B, no. 95223), chloride (chloride ionophore cocktail A, no 24902), and calcium (calcium ionophore I cocktail A, no 21048). This solution was drawn into the tip of the microelectrode by application of suction to the basal end of the pipette. We used Cl− electrodes to measure the anion fluxes, although this electrode has poor selectivity for Cl− under our experimental conditions. According to Messerli et al. (2004), 1 mM NO3
                  - is enough to diminish the Cl− selectivity. Indeed, under low Cl− concentration, Cl− detection was influenced by NO3
                  −, SO4
                  2− and PO4
                  2−, suggesting a low selectivity of this ionophore under our experimental conditions. The Cl− electrode calibration with different anions also showed that this electrode could detect NO3
                  − but not SO4
                  2− and PO4
                  2−. Therefore, our measurements reflected changes in the ‘anionic’ concentration rather than in Cl− fluctuations. An Ag/AgCl wire electrode holder (World Precision Instruments, Sarasota, FL, USA) was inserted into the back of the microelectrode in order to establish electrical contact with the bathing solution. The ground electrode was a dry reference (DRIREF-2, World Precision Instruments) that was inserted into the sample bath. In order to obtain a calibration line, microelectrodes were calibrated at the beginning and end of each experiment using standard solutions covering the experimental range of each ion. Both the slope and intercept of the calibration line were used to calculate the respective ion concentration from the mV values measured during the experiment near and distant from the root surface. A detailed description of the ion-selective vibrating probe system was reported by Feijó et al. [8] and Ramos et al [25,26]. The vibrating-electrode system was attached to a Nikon Eclipse TE-300 inverted microscope (Nikon, Melville, NY, USA) and housed inside a copper-sheet Faraday cage over a vibration-free platform. For routine experiments, an X20 Plan Apo objective under differential interference contrast (DIC) was used.

Kinase activity assays
Protein kinase activity was measured by incorporating radioactive phosphate from ATP into syntide 2 (Sigma) [27]. Protein kinase activity was assayed in 20 μl of 30 mM Hepes-Tris buffer (pH 7.0), 2.5 mM free Mg2+, 1.5 mM EGTA and 1.5 mM N-hydroxyethylethylenediaminetriacetic acid (HEDTA), 10 μM free Ca2+, 50 μM syntide 2, and 0.2 mM [γ-32P]ATP (3.77 TBq mol–1 from Amersham Bioscience (Piscataway, NJ, USA), unless stated otherwise). Reactions were started by adding 1 μl of a kinase-containing solution and incubated for 30 min at room temperature. At the end of incubation, the reaction mixture was spotted on 2 cm × 2 cm Whatman P81 phosphocellulose paper pieces. These were then washed three times with 75 mM H3PO4 (for 10 min), rinsed for 5 min in ethanol, air dried, placed in vials with scintillation liquid and levels of radioactivity determined.

Rice growth conditions for gene expression experiment
Rice plants was held in a growth chamber, with a light cycle of 12/12 h (light/dark), photosynthetic photons flux of 400 μmol m−2 s−1, relative humidity of 70%, and temperatures of 28°C/24°C (day/night). Rice seeds (O. sativa L. cv. Nipponbare) were previously disinfected in 2% sodium hypochlorite solution for 15 min and then washed several times with distilled water. These seeds were germinated only in distilled water. Five days after germination, the seedlings were transferred to 0.3 liter pots, where five plants per pot received Hoagland solution modified to contain 1/4 of the total ionic strength and 1.5 mM of N (1.25 mM NO3
                  −-N and 0.25 mM NH4
                  +-N) pH 5.8. This nutrient solution was replaced every 2 days. Thirteen days after germination, the plants received the same solution with or without humic acid (3.5 mM of C). The experiment was conducted in a completely random design with three replications. Root samples were collected at 24 h for total RNA extraction and real-time PCR.

Total RNA extraction and cDNA synthesis
Total RNA was extracted according to Gao et al. [28] with modifications using NTES buffer (0.2 M Tris-HCl pH 8.0; 25 mM EDTA; 0.3 M NaCl; 2% SDS). Three root samples were ground in N2 and homogenized in a mixture containing 1 mL NTES buffer and 0.7 mL of phenol: chloroform (1:1). Homogenized samples were centrifuged at 18,000×g for 20 min at 4°C and each supernatant transferred to a new tube. Total RNA was precipitated by adding 1/10 volume of 3 M sodium acetate pH 5.2 (NaOAcDEPC) and one volume of cold isopropanol. Samples were placed at −80°C for 1 h and centrifuged at 18,000×g for 20 min after that time. Pellets were re-suspended in 0.5 mL of H2ODEPC and precipitated overnight at 4°C by the addition of 0.5 mL of 6 M lithium chloride (LiClDEPC). After centrifugation at 18,000×g for 20 min, pellets were re-suspended with 0.5 mL H2ODEPC and precipitated again with addition of 0.5 mL LiCl 6 M for 1 h on ice. After centrifugation at 18,000×g for 20 min, pellets were re-suspended in 0.5 mL of H2ODEPC, precipitated with two volumes of ethanol for 1 h at −80°C and washed with 70% ethanol. The pellets were dried on ice for 10 min and dissolved in 30 μL of H2ODEPC.
The quality of total RNA extracted was verified spectrophotometrically through A260/A230 and A280/A260 ratios and visualization in agarose gel (1%) with ethidium bromide. Total RNA samples used for cDNA synthesis were treated with DNAse I (Invitrogen, Inc., Waltham, MA, USA) by following the manufacturer's instructions. Single strand cDNA was synthesized by using the ‘TaqMan Reverse Transcription Reagents’ (Applied Biosystems, Inc., Loughborough, UK) and oligo dT primer according to the manufacturer's instructions.

Real-time PCR
Real-time PCR reactions were performed in duplicate, using ‘SYBR® Green PCR Master Mix’ kit (Applied Biosystems, Inc.) according to the manufacturer's instructions. PCR reactions were as follows: 10 min at 95°C, 45 amplification cycles at 95°C for 15 s and 60°C for 1 min (annealing, extension, and fluorescence detection), followed by the ‘melting curve’ in order to verify the specificity of the reaction. Actin gene (NM 001057621.1) was used as an endogenous control. The primer sequences for OsCPK7, OsCPK17, and OsTPC1 were designed with Primer Express software (Applied Biosystems) (Additional file 1: Table S1) and OsA7 [29]. The specificity of the primer sequences was analyzed using BLAST at TIGR (http://​rice.​plantbiology.​msu.​edu/​) and in NCBI (http://​www.​ncbi.​nlm.​nih.​gov) as well as experimentally at the end of the PCR reaction through the melting curve. Relative expression was performed according to Livak and Schmittgen [30], using the nutrient solution without humic acid as reference.


Results
HA characterization
The C content of the HA was 44.7%, whereas N and H content were 3.51% and 5.36%, respectively. The 13C CPMAS NMR spectrum of HA is shown in supplementary data (Additional file 2). It was characterized by strong signals in the O-alkyl-C (56 to 110 ppm) and alkyl-C (45 to 0 ppm) regions, revealing a molecular composition dominated by carbohydrates and aliphatic components. The signals related to O-Alkyl-C and alkyl-C components represent in fact the majority of the total organic C, accounting respectively for the 40.9% and 21.9% of the total area of the spectra. The different resonances in the O-alkyl-C region (56 to 110 ppm) are currently assigned to monomeric units in oligo- and polysaccharidic chains of plant tissues. The signal centered at 72 ppm corresponds to the overlapping resonances of carbons 2, 3, and 5 in the pyranoside structure in cellulose and hemicellulose. These signals may represent the di-O-alkyl carbon of polysaccharidic chains other than cellulose such as the hemicellulose components contained in cell wall of the vascular tissues, like xylan, glucomannas, etc. Moreover, the shoulders around 20/23 ppm could be assigned to the methyl group in acetyl substituent in hemicellulose components.
The broad peak in the Alkyl-C region (30 ppm) of NMR spectra indicated the presence of alkyl chains (-CH2- groups) derived mainly from various lipid compounds, plant waxes, and plant polyesters like cutin and suberin. The main signal at 56 ppm may be associated with either the methoxyl substituent on aromatic rings of guaiacyl and syringyl units in lignin, or with C-N bonds in amino acid moieties. The broad band around 131 ppm may be mainly related to unsubstituted and C-substituted phenyl carbons of lignin monomers of guaiacyl and syringyl units as well as to condensed aromatic moieties, while the signals shown in the phenolic aromatic region (152 ppm) indicated the presence of O-substituted ring carbon derived from different aromatic structures. The resonances included in the 148 to 155 ppm chemical shift range are in fact usually assigned to carbons 3, 4, and 5 in the aromatic ring in lignin components, carbons 3 and 5 being coupled to methoxyl substituents (see Additional file 2: Figure S1. However, the prominent peak found at 145 and 157 ppm in the NMR spectra, suggest also the presence of tannin derivatives. The aromatic carbon represents 27.9% of spectrum. Finally, the broad signal at 174 ppm (8.3%) indicates the content of carbonyl groups of aliphatic acids and amino acid moieties, as well as that of acetyl groups in hemicellulose components.

Root growth promotion by HA
A quadratic model (R
                  2 = 0.95, P < 0.001) describes the effects of different concentrations of HA on number of lateral roots emerged from rice seedlings (Figure 1). The optimal concentration of HA on a carbon content basis was 3.5 mM. The quantitative results of root area and number of mitotic sites were normalized in respect to control. The elongation/differentiation zone of the root includes small, densely meristematic cells in continuous metabolic activity that is more susceptible to lateral root formation. A marked effect was observed on root surface area after exposure to HA (data not shown).[image: A40538_2014_30_Fig1_HTML.gif]
Figure 1
                          Effect of different HA concentrations on number of lateral roots which emerged from principal axis (A). Data are the mean of 25 rice seedlings. (B) radicular superficial area and number of mitotic sites.




                

HA effect on H+-ATPase activity
Treatment of PM vesicles isolated from rice roots for 7 days with 3.5 mM C HA L−1 produced an increase in vanadate-sensitive ATP hydrolysis (Figure 2A) as well as a steeper ATP-dependent proton gradient, as measured by quenching of ACMA fluorescence (Figure 2B). The initial rate of gradient formation and ATP hydrolysis were enhanced by two- to threefold in response to treatment with HA.[image: A40538_2014_30_Fig2_HTML.gif]
Figure 2
                          Effects of HA on (A) PM H
                          
                            +
                          
                          -ATPase activity and (B) proton pumping vanadate-sensitive ATP.
                        




                

HA effects on H+, Ca2+ and anion fluxes, and on CDPK
Analysis of the root H+ flux rate using a noninvasive technique revealed a differential pattern of H+ fluxes along the lateral rice roots when treated with HA (Figure 3A). In HA-treated rice roots, apical (0 to 100 μm), meristematic (100 to 300 μm), and elongation (300 to 800 μm) zones showed a considerable increase on H+ efflux if compared to the apex zone. In contrast, the control roots presented strong H+ influxes (Figure 3A). A sixfold stimulation on H+ effluxes was observed at the elongation zone in the presence of 3.5 mM C HA (P < 0.001), that resulted in the lowest root surface pH value (Figure 3B). These superior H+ effluxes found at the elongation zone of HA-treated roots were vanadate-sensitive which suggests the H+-ATPase activity triggers ion dynamics in the presence of HA (Figures 2 and 3A).[image: A40538_2014_30_Fig3_HTML.gif]
Figure 3
                          Proton fluxes and surface pH measured along the apical and elongation zones of rice roots. Proton (H+) fluxes (A) and surface pH (B) measured along the apical (0 to 100 μm) and elongation (200 to 500 μm) zones of rice roots before (○) and after (●) incubation with 3.5 mM C L−1humic acid (HA).




                
Patterns of the Ca2+ fluxes in the control and HA-treated roots revealed a quite different scenario. Treatment with HA also increased Ca2+ influxes at the elongation zone (Figure 4), thus leading to a possible increase in free cytosolic Ca2+ concentration. At such root zone, a negative correlation can be observed between Ca2+ and H+ ion fluxes (r = −0.8951 P < 0.001). On the other hand, a significant (tenfold) increase in anion efflux was observed in all root zones of rice seedlings treated with HA (Figure 5). Furthermore, we observed a clear effect of HA on the enhancement of CDPK activity in the experiments described here (Figure 6).[image: A40538_2014_30_Fig4_HTML.gif]
Figure 4
                          Calcium fluxes in the apical and elongation zones of rice roots. Calcium (Ca2+) fluxes in the apical (0 to 100 μm) and elongation (200 to 500 μm) zones of rice roots, before (○) and after (●) incubation with 3.5 mM C L−1humic acid (HA).




                  [image: A40538_2014_30_Fig5_HTML.gif]
Figure 5
                          Anion fluxes measurements in the apical and elongation zones of rice roots. Anion fluxes measurements in the apical (0 to 100 μm) and elongation (200 to 500 μm) zones of rice roots, before (○) and after (●) incubation with 3.5 mM C L−1humic acid (HA).




                  [image: A40538_2014_30_Fig6_HTML.gif]
Figure 6
                          Calcium-dependent protein kinase (CDPK) activity in rice roots treated with and without humic acid. Calcium-dependent protein kinase (CDPK) activity in rice roots treated with and without humic acid (HA: 3.5 mM C L−1 and control), respectively. The data represent the mean ± SD (n = 5).




                

Relative gene expression of Ca2+ channels (OsTPC1), PM H+-ATPase (OsA7), and calcium-dependent protein kinase (OsCPK7 and OsCPK17)
To address the aforementioned increase in Ca2+ efflux, we examined the expression level of OsTPC1 voltage-dependent Ca2+ channel in rice seedlings at the early stage of HA treatment. OsTPC1 encoded a putative voltage-gated Ca2+ channel from rice, ubiquitously expressed in mature leaves, shoots, and roots [31]. In a study for functional characterization of OsTPC1, Kurusu et al. [31] suggested that OsTPC1 has Ca2+ transport activity across the plasma membrane and is involved in the regulation of growth and development in rice. OsTPC1 significantly increased upon HA treatment in respect to control plants (Figure 7D). In addition, we observed a concomitant enhancement of OsA7 PM H+-ATPase expression in rice seedlings treated with HA (Figure 7C). The OsA7 isoform is a highly expressed PM H+-ATPase member of the subfamily II [32]. Sperandio et al. [29] showed that OsA7 is upregulated in response to nitrogen resupply and suggested that OsA7 could be involved in N nutrition in rice. We also evaluated the expression of two CDPK genes, OsCPK7 and OsCPK17, both constitutively expressed in roots, stems, leaves, and panicles and responsive to various stress stimuli [33]. OsCPK7 was upregulated by salt stress in roots [33], jasmonic acid [34], cold, and gibberellin [35] and suppressed by rice blast infection [33]. OsCPK17 is downregulated by cold, drought, and salt stress in the rice seedlings [33]. Both OsCPK7 and OsCPK17 showed an increase of expression at 24 and 72 h after HA treatment as compared to untreated plants (Figure 7A,B).[image: A40538_2014_30_Fig7_HTML.gif]
Figure 7
                          Relative expression of
                          OsCPK17
                          ,
                          OsCPK7
                          ,
                          OsA7
                          , and
                          OsTPC1. Relative expression of (A)
                          OsCPK17, (B)
                          OsCPK7, (C)
                          OsA7, and (D)
                          OsTPC1 in rice root tissues treated with humic acids (HA) at 2.7 mM C L−1. Actin cDNA (AK100267) was used as endogenous control. Bars represent average ± SE (standard error) from three replicates.




                


Discussion
We used in this study a humic acid-like substance extracted from a vermicompost obtained from cattle manure with a large presence of OCH3 groups with NMR spectral resonance at 56 ppm (Additional file 1) that is a trait for promotion of lateral root emergence, as shown previously [36]. The best dose-response concentration for lateral root induction of rice plantlets was used (Figure 1), and it was found that the HA treatment changed ion fluxes pattern over the root axis. Such changes for H+ efflux was well characterized by other research reports which used using molecular and biochemical approaches involving H+-ATPase enzymatic activity measurements to establish a relation with HA bioactivity in plants [2,3,7,15,17]. Here, using a vibration probe device, we specifically detected and unequivocally showed live H+ flux over different anatomical regions of the rice root axis displayed by the presence of HA (Figure 3A).
In comparison with control, the largest rates of H+ efflux coupled with acidic surface pH following the HA treatments were located at the elongation/differentiation zones of rice roots, where plant cells with increased growth rates (reflected by cell volumetric expansion) and large cell differentiation are found (Figure 3). As quoted in literature, these effluxes are dependent on PM H+-ATPase (PMA) activity (Figure 2). In fact, it has been shown that this zone presents significantly larger enzyme immunolocalization and activity levels of PMA than root cap and meristematic zones [37]. The H+ efflux mediated by PMA is important for the regulation of cytoplasmic pH [10] and the activation of cell wall-loosening enzymes and proteins, both phenomena occurring through acidification of the apoplastic compartment [38]. In agreement with this, we observed a high epidermal cells H+ efflux in HA-treated roots at elongation/differentiation zone (Figure 3A), leading to an increased capacity of these roots to acidify the local medium (Figure 3B). These effluxes proved to be dependent on PMA, since they were vanadate-sensitive and activated by fusicoccin (data not shown).
In addition, parallel to H+ efflux, we described for the first time a simultaneous Ca+2 influx and anion efflux modulated by HA (Figures 4 and 5). Again, such ionic flux behavior was greater at elongation/differentiation root zone. The relevance of the coordinated spatial bidirectional fluxes for H+, Ca+2, and anions with HA bioactivity could only be partially explained by the present study, while future attempts using specific probes or inhibitors for relevant pathways and plant mutagenesis in some of these functions may better clarify signaling process related to lateral root induction by HA.
A relationship between proton and anion efflux may be established on the basis of plant nutrition or cytoplasm ionic balance view. Indeed, it is well known that an increase in root surface concentration of H+ generates a proton-motive force that is required to drive the secondary transport of NO3
                −, SO4
                2−, Cl−, Ca2+, and K+ [10]. It has been reported that the PMA enzyme is stimulated by anions in plant cells [39-41] and host cell-parasite interactions [42]. Therefore, changes in root surface pH are most likely to produce rapid changes in root growth rate [43], thus resulting in rapid volume expansion of nutrient-demand cells followed by symplastic charge balance control.
Other candidates that may contribute to the control of extracellular H+ flux in HA are identified with anions in the growth medium, which are reported to act as stimulators of the PM H+-ATPase [44]. This effect and the H+ effluxes are closely related to auxin-induced cell growth, as proposed by the ‘acid-growth theory’ by Rayle and Cleland [11]. Previous reports described the auxin-like effect of HA using different approaches [7,17,18]. However, changes in organic acid exudation from maize roots induced by HA solutions were previously observed [45]. The relationship between organic acids and proton exudation, earlier described by Ohno et al. [46], was recently observed also by Tomasi et al. [47]. In line with these findings, Puglisi et al. [48] reported an enhancement of organic acid exudation in maize seedlings following a humic matter treatment.
Observed HA-modulated calcium influx (Figure 4) was supposed to be accompanied by an increased Ca-cytosolic concentration, as revealed in this study by both enhanced Ca-transporter and CDPK activity under transcriptional level and biochemical CDPK activity (Figures 6 and 7).
Transient elevations in cytosolic Ca2+ concentration are believed to be involved in a multitude of physiological processes, including responses to abiotic stresses, hormones, and pathogens [21]. In the case of HA-treated seedlings, we found a significant increase of Ca2+ influx in roots (Figure 4), as well as an enhanced expression of OsTPC1 voltage-dependent Ca2+ channels (Figure 7) that was concomitant to an increased CDPK activity (Figure 6). In fact, it is known that Ca2+ channels are known to contribute to short transient Ca2+ influx in response to various stimuli, including chilling and microbial interaction [49]. Among the possible effects attributed to the cytosolic increase of Ca2+ concentration and down-streaming signaling events, we may include a regulatory H+ efflux activity in the elongation/differentiation root zone. Indeed, H+-ATPase enzyme is stimulated by external anion concentrations [39,40] and inhibited by Ca2+ [27]. Hypothetically, during the plant cell cycle, transient cell expansion (growth phase) related to apoplastic proton efflux may be followed by its inhibition by the calcium influx. A cascade signalization of protein-kinase-mediated protein phosphorylation may result in cell and tissue morphogenesis (differentiation phase).
The H+ gradient generated by PMAs provides the energy necessary to drive the secondary transport [16]. Accordingly, we found that the changes in H+ efflux attributable to HA were related to Ca2+ influx and anion efflux. However, roots treated with HA displayed strong anion and H+ effluxes primarily at the elongation zone (Figure 3). An explanation may reside in the large net negative charge provided by the HA adsorbed on the root surface, that may be temporarily balanced by PMA activity, thus inducing an anion efflux. In fact, it has been reported that PMA is stimulated by anions in plants [41] and that consequent root surface acidifications are necessary for the mechanism of nutrient uptake [50], as this occurs via PM co-transporters [25]. An increase of PMA activity and extracellular acidification were observed (Figures 2 and 3). The activity of the PM is known to be regulated by reversible protein phosphorylation in a complex manner, including CDPKs [51].
All these observations point toward a role of CDPK during plants response to HA treatments as regulators of PM H+-ATPase. The role of CDPK is remarkable in the context of plant signal transduction. This protein is responsible for post-translational control of target proteins acting as critical regulation of many signaling cascades. Many plant protein kinases act as receptors and participate in processes such as disease resistance, growth development, hormone perception, and stress responses [21]. Increased expression and activity of CDPK in plants treated with HA (Figures 6 and 7) indicate that these proteins can act as elicitors of responses mediated by stress resulting in altered root geometry.
Wan et al. [33] showed a response of many CDPK genes under different environmental stress and indentified multiple stress-responsive cis-elements in the promoter region (1 kb) upstream of these genes. Here, we found a concomitant increased expression of OsTPC1 and OsCPK7/17 at 24 h after exposure of plants to HA treatment (Figure 7). Correa-Aragunde et al. [52] reported that nitric oxide (NO) mediates auxin lateral root development and the hypothesis of a NO signal downstream of auxin signaling during lateral root formation has been strongly supported [53] and induced by Ca2+ waves. Zandonadi et al. [15] showed that maize root architecture is similarly modified by auxin, HA, and sodium nitroprusside (SNP), thus leading to an increase of lateral root abundance, root density, and PM H+-ATPase activation.
The role of CDPK, NO, Ca2+, and calmodulin were studied in the auxin-induced adventitious roots in cucumber [54]. It was shown that CDPK was stimulated by auxin and depended on NO, Ca2+, and calmodulin during formation of roots.
The present study suggested a new role for HA-stimulated plant physiology that reveals a potentially important aspect of coevolution between humified organic matter and the plant growth and development. Changing the ion fluxes across the root plasma membrane implies modifications in transmembrane electrical potential. The latter is generated by the electrogenic H+ pumps involved in the ion transport systems as well as by the signal transduction related to root morphogenesis.

Conclusions
Humic matter acts a plant elicitor by triggering a series of cell signaling events. Our results suggest a model for cell signaling in roots that is directly linked to nutrient uptake and lateral root emergence. We have shown that HA induce a positive modulation of PM H+-ATPase activity and expression that controls the H+ efflux, root surface pH, and consequently triggers modifications in the anion fluxes. This hyperpolarization, in turn, induces a pH signal that modulates Ca2+ transport by increasing cytosolic free Ca2+ concentration, which then acts as a second messenger though the mediation of a variety of cellular responses like CDPK activities and anion channel activation. A large anion efflux is activated by the HA negative charges which are built up on the root surface and re-induce H+-ATPase activity. Within the effort to elucidate the complex HA-plant response mechanism, our results show that HA have an effect on various entry points of the cell signaling machinery, such as fluxes of H+ and Ca2+, H+-ATPase and CDPK activity, as well as the expression of Ca2+ transporters. Overall, our findings of this work indicate that plant nutrient uptake and growth promotion mediated by humic matter may consist in a pH-dependent phenomenon.
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