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Humic acids trigger the weak acids stress response in maize seedlings
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Abstract
Background
Plants primed by humic acids showed physiological and molecular response against different abiotic stresses without the presence of stressor agents (salinity, drought, heavy metal toxicity). It is plausible that humic acids themselves can act as chemical priming substances in plants. We hypothesized that humic acids can trigger the weak acids stress response in cell plants acidifying the cytosol and thus eliciting the transduction signalling response cascade.

Methods
The dose–response curves of maize seedlings roots with different concentrations of humic, acetic and salicylic acids determined the most active and inhibitory concentration. These data were further used to evaluate changes on intracellular pH using BCECF-AM probe (2,7-bis(2-carboxyethyl)-5(and 6)-carboxyfluorescein, acetoxymethyl ester) and differential transcription level of genes related to weak stress response in plants by qPCR real time.

Results
Humic acids like short chain organic acids decrease the intracellular pH showed by the increased fluorescence of BCECF probe. The drop in cytosolic pH promoted by humic acids was not transient. We observed a high level of protein kinases related to cell energy-sensing and transcription factors associated to transduction of stress signalling.

Conclusion
The humic acids can be considered as a chemical priming agent, since in the appropriate concentration they can induce the typical plant abiotic stress response of weak acids inducing plant acclimation and enhancing the abiotic stress tolerance.[image: ../images/40538_2020_193_Figa_HTML.png]
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Background
The growing use of humic substances as plant growth promoter has attracted attention due to its effects on efficiency on nutrients use, crop quality and protection against abiotic stresses [1–8]. Abiotic stresses are one of the crucial constraints to food security and crop production. The increases in frequency of extreme environmental events in many regions of the world [9] highlight the importance of crop protection for the economies based on agricultural commodities.
The application of chemical stress priming agents represents a promising approach to manage the adaptation of plants to adverse field conditions, activating their adaptation mechanisms to environmental disturbances [10]. A number of chemical agents such as ethanol, mandipropamid, melatonin, polyamines, and sodium nitroprusside have been used to enhance abiotic stress tolerance in plants [11]. Humic acids can be also used as natural chemical prime agent. It was observed that seedlings primed by humic acids improve their resilience to main abiotic stress including salt, drought, heavy metal toxicity and humic substances themselves [12]. These seedlings showed general physiological adjustment and transcriptomic analysis unveil specific gene response against abiotic stress [12] in typical acclimation behaviour [13]. However, the main mechanisms underpinning the priming activity of humic acids on plant seedlings remain unclear.
Humic substances are made-up through a self-organization of natural molecules derived from SOM dynamic processes [14, 15], miming the behaviour of (bio)chemical complex system [16]. The association of humic molecules are hence composed from chemically protected domains of highly hydrophobic materials, surrounded by or contiguous with hydrophilic moieties held together by weak dispersive forces [14]. At a fixed pH value humic acids appear as supramolecular particles with a conic shape and a hole in the centre suggesting a pseudo-amphiphilic nature, with secluded hydrophobic domains and polar subunits in direct contact with hydrophilic exterior [17]. The self-organization of humic acid in solution can be viewed as an emergent characteristic resulting from the interaction of hydrophobic/hydrophilic domains with the aqueous medium [18]. Thus, it is plausible that molecules released from humic superstructures may then access cell membranes and induce different physiological responses like hormone auxins [19, 20], gibberellins [21, 22], cytokinins [23, 24], alkamides [25], nitric oxide [26, 27]. This is the well-founded hormonal hypothesis for the physiological effects of humic substances [28]. If on the one hand the presence of specific molecules like hormones embracing into the hydrophobic cage can access cell receptors, on the other hand the external shape resulting from emergent association with hydrophilic domains facing the outer face of the solution can promote cell modifications.
The main chemical groups containing hydrophilic properties are the phenolic and carboxylic groups with ubiquitous presence in the humic matters. In this respect, it has to be noticed that the major part of the plant hormones has acid functionalities. In previous studies a prevalence of carboxyl carbon groups, phenolic moieties and sugars was detected in the larger bioactive fraction of humic acids isolated from different sources, such as recycled biomasses [29–31].
Humic acids have a high degree of interaction with organic compounds that occur naturally in the soil. Such interactions can directly influence the physical–chemical characteristics and aspects related to structural characteristics such as functionality, reactivity and its effect on agricultural use. Organic acids are capable of crossing the cell membranes and act as one of the most ancient food and beverage preservatives due their direct effect on microorganisms. In fact, the carboxylic groups in organic acids are responsible for the well-known effect in microorganisms denoted as the weak acid stress. The weak acids stress mechanisms were described in general terms as the inhibitory effect imposed on microorganisms due to the ‘uncoupling’ mechanism [32]. At low pH, weak acids prevail in undissociated form, being more hydrophobic and prone to crossing the membrane by simple passive diffusion. Once inside the cell, weak acids will dissociate in the near-neutral cytosol and release protons, which can potentially acidify the cell and cause dissipation of the proton-motive force [32].
The application of acetic acid directly in plants enhanced drought tolerance in Arabidopsis, rice, maize, rapeseed, and wheat by activating the jasmonate (JA)-signalling pathway [33]. The use of acetic acids as prime chemical agent aiming drought tolerance was also observed in perennial plants like cassava [34]. In addition, is well known that salicylic acid is involved in activation of secondary metabolism and plant defence attributed to redox regulations in plant cells and activation of JA-signalling pathway [35]. Moreover, chemical functional analogues of salicylic acids were used in the crop protection [36].
The objective of this work was to evaluate the biochemical effects of humic acids in plants under stress conditions, comparing their action on cell pH using the fluorescent probes BCECF-AM (2′,7′-bis-(2-carboxyethyl)-5-(and 6)-carboxyfluorescein(-acetoxymethyl ester) with the effects caused by other organic acids: acetic and salicylic acids. The characteristics of the root were evaluated, as well as some molecular markers related to the weak acid stress response in order to explain the response mechanisms.
Materials and methods
HA extraction and characterization
Humic substances was extracted from vermicompost produced with cattle manure with 0.1 mol L−1 NaOH 1:10 (v:v), under an atmosphere of N2 for 4 h followed by centrifugation (3000×g). The extraction procedure was repeated until the extracts presented zero absorbance at 280 and 465 nm. The separation of humic acids from the alkaline extract was obtained by acidification at pH 1 with 6 mol L−1 HCl. Dissolution and precipitation were repeated three times. After centrifugation, the HA fraction was washed with water until there was a negative test with AgNO3 and dialysed (molecular mass cut-off 1 kDa; Spectrapor, USA) and freeze-dried. The elemental composition of the HA was characterized using a CHN analyser (Perkin-Elmer 1483; Perkin-Elmer, Norwalk, CT, USA) and mineralized in a muffle furnace at 750 °C for 8 h for the ash content measurement. The HA contained 470 g kg−1 C, 55 g kg−1 N, 451 g kg−1 O and 5 g kg−1 ash.
The molecular characterization of humic acids was performed by solid-state NMR spectroscopy (13C-NMR) cross-polarization magic angle spinning (CPMAS). The 13C CPMAS NMR spectrum was acquired with a Bruker AVANCE 300 NMR spectrometer, equipped with a 4-mm-wide bore MAS probe, operating at a 13C resonating frequency of 75.475 MHz. Samples (100–200 mg) were packed in 4 mm zirconia rotors with Kel-Fcaps and were spun at 13 kHz. A 1H ramp sequence was used during a contact time of 1 ms to account for possible inhomogeneity of the Hartmann–Hahn condition. Two thousand scans with 3782 data points were collected over an acquisition time of 25 ms and a recycle delay of 2.0 s. Bruker Topspin 1.3 software was used to collect and elaborate the spectra. All the free induction decays (FID) were transformed by applying a 4K zero filling and a line broadening of 75 Hz. Spectra were integrated in the chemical shift (ppm) resonance intervals: 187–162 (carbonyls of ketones, quinines, aldehydes, and carboxyls), 162–112 (aromatic and olefinic carbons), 112–93 (anomeric carbons), 93–46 (C–O systems, such as alcohols and ethers, C–N groups, and complex aliphatic carbons), and 46–0 ppm (sp3 carbon, mainly methylene and methyl). The hydrophobic/hydrophilic conformation of humic acids was estimated by a dimensionless structural index derived from the relative C distribution of NMR spectra [35, 36]: the combined relative areas of alkyl (46–0 ppm) and aromatic (162–112 ppm) components, assumed represent the proportion of hydrophobic carbons (HB) were compared to the areas in intervals related to polar groups (187–162, 112–46) indicating the proportion of hydrophilic carbon (HI). The hydrophobic index (HB/HI) was then calculated. The total acidity was obtained by acid–base titration curves of humic acid. One sample of humic acid from vermicompost was used to perform two independent titrations (two repetitions). Suspensions of LHA were prepared in 0.01 mol L NaCl by diluting 25.00 mL of the stock suspension with 25.00 mL of 0.01 mol L NaCl. This dilution was made directly in the titration vessel, resulting suspensions 500 mg L−1 of like HA from vermicompost. Titrations were performed from pH 3.0 to 11.5 with the standard 0.1 mol L−1 NaOH with the same NaCl concentration of the like HA suspension that was being titrated. A total of 100 to 120 points (volume of NaOH and electrode potential, E) was taken. The potential was read only when its variation was smaller than 0.555 mV min−1 (0.009 pH unit min−1), which is monitored by the drift control of the Orion 900A Thermo pH meter. The total titration time was around 2.5 h for each repetition.
Plant assay: dose–response curve
Seeds of maize (Zea mays L., Dekalb 177) were surface sterilized with 0.5% (w/v) NaClO for 20 min and kept for 4 h in water after rinsing. The seeds were placed in paper towels, which were rolled and placed in a germination chamber set at 20–30 °C (light:dark cycle, 14:10 h), for 3 days. After germination, seedlings with a root length of 2.5 ± 0.5 cm were transferred to 400-mL culture vessels containing only 2 mM CaCl2 solution used as control and treatments with acetic acid, humic acids and salicylic acid dissolved in 2 mM CaCl2 solution. The humic acids were solubilized in a 0.1 mM KOH solution before being dissolved in the 2 mM CaCl2 solution, acetic and salicylic acids were solubilized in ultrapure water and then diluted in solution 2 mM CaCl2 (minimum growth media). Three dose–response curves were obtained with humic acids (HA) (0, 2, 4, 8 and 16 mM C), salicylic acid (SA) (0, 0.2, 0.4, 0.8 and 1.2 mM), acetic acid (AA) (4, 0, 0.4, 0.04 and 0.004 mM). The pH of the solutions was adjusted initially to 5.8 and measured daily. The solutions were aerated with filtered air at low pressure. After 6 days under treatment the seedlings were harvested, and the fresh weight of their roots and shoots were evaluated as well as the surface root area by image analyser software.
Most of the dose–response curves are not linear which implies that at least one of its parameters appears nonlinearly, the parameter appears as exponent, or multiplied or divided by another parameter. The data were linearized and adjusted using the scientific graphing program GraphPad Prism. Several models (logarithmic, exponential, logistic and others) were tested for evaluating the dose–response relationship as a function of time and dose, the R2 criterion was used to obtain the best fit model. The dose–response relationship was analysed by nonlinear regression providing the second-order polynomial model as the most appropriate model for the evaluated parameters. For the three treatments with acetic acid, salicylic acid and humic acids, the second-order exponential model provided the best fit according to R2. The derivation of the adjusted model allowed a more detailed analysis of the data to evaluate the behaviour of acids.
The statistical design used was completely randomized with five treatments corresponding to acid doses, and three repetitions per treatment.
Intracellular pH measurement with BCECF-AM (2′,7′-bis-(2-carboxyethyl)-5-(and 6)-carboxyfluorescein(-acetoxymethyl ester)
Two experiments were carried out for intracellular pH measurement using the BCECF-AM probe. In the first assay, the roots were grown at minimum medium (mM CaCl2) supplemented or not (control) with humic acids at 4 mM C L−1. The pH of growth solution was adjusted to 4, 7 and 9.00 ± 0.01 with drops of 1 M HCl or NaOH. After 48 h of treatment the root tip was manually cut and immersed in phosphate buffer solution in 0.5 mL vials (Eppendorf). The phosphate buffer solution was discarded by adding 30 µM of the BCECF-AM probe (2,7-bis(2-carboxyethyl)-5(and 6)-carboxyfluorescein). After 30 min of incubation at room temperature, the roots were washed again with phosphate buffer solution and fixed for 24 h with 4% formaldehyde solution. Subsequently, the samples were visualized by epifluorescence with fluorescent filter excitation wavelength band range of 450–490 ɳm and emission wavelength band of 535–570 ɳm. Root tissue images were captured by the optical microscope Axioplan—Zeiss, coupled to the digital image acquisition system equipped with a ZVS-47EC camera keeping the same excitation power for all treatments.
In the second experiment, the humic acids were set at 8 and 16 mM of C L−1 since these concentrations promoted the largest and the smallest variation in the acidification of the culture medium, respectively, when compared to the control during the 5 days of measurements of pH. We performed additional controls using 0.1 and 4 mM of acetic acid and 0.1 and 1.2 mM of salicylic acid. After 3 days of germination, the maize seedlings were submitted to each treatment for a period of 6 days of growth, then the roots were manually cut with a blade in segments of 3.0 to 4.0 cm on a Petri dish. The roots were immersed in phosphate buffer solution in 0.5-mL vials (Eppendorf). The phosphate buffer solution was discarded by adding 30 µM of the BCECF-AM probe (2,7-bis(2-carboxyethyl)-5(and 6)-carboxyfluorescein). After 30 min of incubation at room temperature, the roots were washed again with phosphate buffer solution and fixed for 24 h with 4% formaldehyde solution. Subsequently, the samples were visualized at the same conditions of previous experiment.
Differential transcription level of genes with RT-qPCR
Extraction of total RNA

	1.A sample of 100 mg of fresh root tissues was homogenized with a mortar and pestle in the presence of liquid N2. The homogenate was transferred to new RNAse-free microcentrifuge tubes (1.5 mL) and the RNA was extracted using the mini-plant RNeasy Qiagen® kit (Germantown, USA). Reverse transcription (RT) followed by polymerase chain reaction (PCR) 1 μg of total RNA was used for production of cDNAs. The synthesis was performed using the high-capacity cDNA reverse transcription kit (Applied Biosystems, USA). A PCR with a gradient temperature (59, 60 and 61 °C) was performed to confirm the specificity of the primers and the actual melting temperature. Electrophoresis in 2.0% agarose gel with TAE buffer was also performed for the confirmation of PCR products with the specific primers. Primers for the genes SnRK2.2 F GTCGGGACACCAGCTTACAT R GGATAGGCACCAACAAGCAT R; MDH F AGTCGTTGCGACAACTGATG R TTCCTTTCCATTCCCTCCTT, ZmTUB α F CCGCACCATCCAGTTCGT R CTGGTAGTTGATTCCGCACTTG; ZmTUB β F CTACCTCACGGCATCTGCTATTG R GTCACACACACTCGACTTCACG were designed with Primer3 program and its characteristics were evaluated in Oligothech program and after a rigorous analysis, they were synthesized by IDT technology. Confirmation of primers specificity was obtained in a high-resolution gel, which gave single PCR products at the different temperatures tested and with the expected size. Specificity was also confirmed by melting curve performed in StepOne™ System (Thermo Fisher Scientific, Waltham, MA, USA). The Real-time PCR (RT-qPCR): for statistical validation two independent tests in the thermal cycler StepOne™ System, with mRNA extracted from the independent experiments, were performed. cDNAs of each experiment were used in quadruplicate for each condition evaluated. The medium for the PCR was prepared as follows (final concentrations): 5 ρM of the forward primer, 5 ρM of the reverse primer (1 μL), 7.5 μL of SYBR Green I component (Applied Biosystems®) and 0.5 μL of ultrapure water. 10 μL of medium was added to an ELISA plate and 5 μL of cDNA was added. For cDNA dilution curve, the following concentrations were used: 0.2, 2, 20 and 200 ng of cDNA template at the control condition. The whole procedure was performed in a laminar flow using sterile materials that were RNAse free. After the addition of the reagents, the plate was sealed with adhesive and centrifuged gently. The protocol used for the experiment consisted of four steps: (i) program denaturation (10 min at 95 °C); (ii) amplification program and quantification repeated 45 times [10 s at 95 °C; 5 s at 61 °C—for both genes (reference and target); 5 s at 72 °C with a single fluorescence acquisition mode]; (iii) melting curve program (65–95 °C with a heating rate of 0.1 °C/s with continuum fluorescence acquisition) and (iv) cooling program to lower the temperature to 40 °C. Crossing points (CPs) were obtained and used in the subsequent calculations. CPs are defined as the point at which the fluorescence achieves significantly higher levels than non-specific fluorescence. The relative mRNA expression of the genes of interest and the endogenous control [ubiquitin (UBI)] was compared using a nonparametric pairwise fixed reallocation randomization test as previously described [38].

 




Transcriptional level of transcription factors WRKY
We use the transcriptomic analysis of maize seedlings treated with 4 mM of C L−1 of humic acids to analyse the differential expression level of WRKY transcription factors in root maize seedlings with respect to control treatment. For RNA extraction, 100 mg of control roots and HA-treated roots, using the best dose for root growth at 4 mM C HA L−1 were macerated in liquid nitrogen. The total RNA of the samples (3 biological replicates per treatment) was extracted with the RNeasy Plant Mini Kit (Qiagen), according to the manufacturer's instructions. Total RNA was quantified using the Nanodrop 1000 spectrophotometer. The RNA was eluted in DEPC-treated water (total amount of 4–10 μg RNA) digested with DNAse and depleted of ribosomal RNA using the GOTAQ® 1-STEP RT-QPCR (PROMEGA). Subsequently, a 1% free RNAse agarose gel was made to analyse the RNA extracted. Sequencing libraries were prepared using the Whole Transcriptome Analysis kit (Applied Biosystem) according to the manufacturer's protocol. Libraries were sequenced on the Illumina platform by LacTad company, Brazil. To perform bioinformatics analysis of the sequences obtained by RNA-Seq, the reads obtained from the RNA-Seq were analysed to identify ribosomal RNA (rRNA) sequences in two steps: (1) rRNA sequences of Zea mays were downloaded from NCBI and an index file of rRNA was created using Novoalign v3.06.05. (https://​www.​novocraft.​com/​products/​novoalign/​). Then reads were mapped on index file using Novoalign; (2) all fasta files were converted into Fasta and BLASTN analysis was performed against downloaded rRNA sequences. Identified rRNA sequences were removed and reads were cleaned. Further, quality of all reads was accessed by running the FastQC software [63] and high-quality cleaned reads were aligned on Z. mays genome using Novoalign. Gene expression levels were normalized as reads per kilobase of transcript per million mapped reads (RPKM). The differential gene expression between control and inoculated were determined by using Cuffdiff v2.2.1. The genes with differences of at least onefold change along with adjusted p-value (FDR) ≤ 0.05 were considered to be significantly differentially expressed. Functional classification analysis was executed with MapMan version 3.6.0RC1 (https://​mapman.​gabipd.​org/​).
Results
Characterization of humic acids
The 13C CP/MAS NMR spectrum of humic acids is shown in Fig. 1. The high field region in NMR spectrum includes the alkyl-C resonances (0–45 ppm), associated to the presence of aliphatic chains (–CH2– groups) pertaining to various lipid compounds, such as fatty acids, plant waxes and bio-polyesters. Furthermore, the less intense broader shoulders within the 40–50 ppm range, are mainly attributable to the inclusion in the humic fraction of tertiary (CH) and quaternary (C–R) carbons in assembled rings of sterol derivatives as well as to CH and CH2 groups in β and α position of peptidic moieties [39]. The sharp signals centred at 55.8 ppm combine either the methoxyl substituent on the aromatic rings of guaiacyl and siringyl units in lignin components, as well as the C–N bonds in amino acid moieties. The different peaks in the O-alkyl-C chemical shift (60–110 ppm) are conventionally assigned to monomeric units of polysaccharide chains such as cellulose and hemicellulose of plant tissue. The intense signals around 73 ppm is formed by the overlapping resonances of carbon 2, 3, and 5, in pyranoside structure. The shoulders at 82 ppm derive from the carbon 4 involved in the glycosidic bond with the most deshielded di-O-alkyl anomeric carbon centred at 104.7 ppm in glucose units [35]. The broad bands extended along the aryl-C interval (116–140 ppm) involve the un-substituted and C-substituted phenyl units of different aromatic components, while the signals shown in the phenolic region (140–160 ppm) are indicative of O-bearing carbon 3, 4, and 5 in the aromatic ring of lignin derivatives, carbon 3 and 5 being coupled to methoxyl substituent. Finally, the sharp signal at 173.7 ppm includes all carbonyl and carboxyl groups of different components such as aliphatic acids or amino acid moieties. The carbon distributions in the different chemical shift (ppm) intervals showed that alkyl region (0–50 ppm) represents around 23% of molecular composition of humic acids. The signals attributed to O-alkyl components (60–110) represent 24.6% and CH3O/CN 16.7% while aromatic C (O-aryl + aryl between 110–160 ppm) represent 27% of spectrum. The carboxyl-C signal (160–190 ppm) represents 8.8% of spectrum area. The total acidity of humic acids was high 2.8 mM and compatible with high O content determined by elemental analysis and carboxyl-C signal in 13C CPMAS NMR. Humic acids can be considered as polyelectrolyte of weak acids due to the presence of pKas at 3.3, 3.6, 4.8 and 7.5 corresponding to around 2.01 mmol of titratable carboxylic groups per gramme of humic acid according to the titration curve.[image: ../images/40538_2020_193_Fig1_HTML.png]
Fig. 1CPMAS 13C-NMR spectrum of humic acid (HA) isolated from vermicompost


Dose–response curve of humic acids, acetic and salicylic acids
The root growth in response to different concentrations of organic acids is shown in Fig. 2. All organic acids enhanced fresh root weight with respect to control. The quadratic model described the behaviour of root fresh weight in response to concentration of all organic acids despite the high standard deviation (Fig. 2). Humic acids at 4 mM C L−1 enhanced ca. to 20% the fresh root weight. The corresponding increase for acetic (0.5 mM L−1) and salicylic (0.4 mM L−1) acids were around 10% and 6% of fresh root weight, in that order. Concentration higher than 4 mM for acetic and 1.2 mM for salicylic acid had toxic effect on plant development (data not shown).[image: ../images/40538_2020_193_Fig2_HTML.png]
Fig. 2Dose–response curve of root maize seedlings (fresh root mass, g) treated with different concentrations of organic acids: a humic acids; b acetic acid; c salicylic acid


pH of growth medium
The pH variation in the growth medium during the experiment is shown in Fig. 3. The changes in the pH medium with the time were according the concentration of HA and type and concentration of organic acids (Fig. 3). The higher concentration of HA (16 mM) showed linear drop of pH similar to that of control plants (Fig. 3a). The other HA concentrations promote a rapid drop in pH followed by stabilization in a significant negative exp model (Fig. 3b). The 0.2 mM salicylic acid promoted a linear decrease of pH (Fig. 3c) while the other concentrations also followed the negative exp model (Fig. 3d). The lower concentration of acetic acid promotes a linear fall in the pH medium (Fig. 3e). The other concentrations of acetic acid increased the pH medium at the initial time of measurement. However, the alkalinization of growth medium was followed by acidification at 0.04 mM in a polynomial model (Fig. 3f) and a bell-shaped curve at 0.4 mM (Fig. 3g). The alkalinization was not followed by acidification at higher acetic acid concentration (4 mM) showing significant quadratic model behaviour (Fig. 3h).[image: ../images/40538_2020_193_Fig3_HTML.png]
Fig. 3Changes in pH of root maize seedlings growth medium during the experimental time as a function of different concentrations of organic acids: a humic acids; b acetic acid; c salicylic acid


Intracellular pH changes by BCECF-AM probe
The variation of intracellular pH of excised maize root-tip segments treated with 4 mM C L−1 of humic acids at different external pH (growth medium) is shown in Fig. 4. At pH 4 and 7 the humic acids induced the epidermal and outer cortex root cells alkalinization with respect to control, as revealed by the enhancement of probe fluorescence signal (Fig. 4b, d). However, at pH 9 a remarkable reduction of the probe fluorescence signal was observed that indicated an intracellular acidification induced by humic acids (Fig. 4f). An opposite trend was observed for control plants (Fig. 4a, c, e). Interestingly, HA-treated roots had shown less uniform fluorescent signal pattern than control. This finding suggests that the different classes of molecules released from the humic suprastructure may modulate cell-to-cell pH-response. In the treatment at increasing humic concentration (8 and 16 mM C L−1), the recorded intense fluorescence of probe systems in the control sample provided indirect evidence that intracellular pH was close to neutrality (Fig. 5c, d vs. Fig. 5a). The significant decrease in probe fluorescence shown at 8 mM C L−1 of dissolved humic molecules correlates with the intracellular acidification with the larger external medium acidification found at the same humic concentration since (Fig. 5c). However, a lower decrease in intracellular pH was detected at the highest humic concentration (Fig. 5d). The fluorescence probe of root seedlings treated with 0.4 mM of acetic acid (Fig. 5e) was similar to control while the application of 4 mM stimulated a strong cell acidification (Fig. 5f). The treatments with salicylic acid had a comparable intracellular acidification for both tested concentrations (Fig. 5g, h).[image: ../images/40538_2020_193_Fig4_HTML.jpg]
Fig. 4Epifluorescent microscopy of excised root-tip of maize treated with 4 mM C L−1 humic acid (HA) and growing under different solution pH. Fluorescence pattern image obtained from BCECF probe (2,7-bis(2-carboxyethyl)-5(and 6)-carboxyfluorescein) excitation and emission herein described. Scale bar = 10 µm

[image: ../images/40538_2020_193_Fig5_HTML.jpg]
Fig. 5The fluorescence of BCECF probe (2,7-bis(2-carboxyethyl)-5(and 6)-carboxyfluorescein) in maize root tips growth at pH 5.8. a Control; b humic acids at 8 mM C L−1 and C at 16 mM C L−1. d 0.4 mM acetic acid; e 4 mM acetic acid; f 0.4 mM salicylic acid; g 1.2 mM salicylic acid


Transcriptional level of SnRK2.2, malate dehydrogenase and WRKY transcription factors
The differential expression of the SnRK2.2 protein kinase genes (serine/threonine kinase related to non-fermentative sucrose SNF) and MDH (malate dehydrogenase) in the roots of maize seedlings according to different concentrations of humic, acetic and salicylic acids is shown in Fig. 6. Although all the applied solutions induced an increase of kinase transcription level with respect to control, a different dose–response trend was revealed by low organic acids and both acetic and salicylic acids showed a minor effect with the application of lower doses and a significant increase in the SnRK2.2 transcription level at larger applied concentration with a 5.7 and threefold improvement with respect to control, respectively. Conversely, the treatment with humic acid promoted a similar level of kinase transcription in the range of 2.75 to threefold with respect to the control, irrespective with the applied concentration (Fig. 6a). Likewise, all treatments induced the relative expression of malate dehydrogenase (MDH) at the same level with respect to control, i.e. around twofold (Fig. 6b) with exception of 4 mM of acetic acid and 1.2 mM salicylic acid that the increase was 5- and 3-fold larger that control level (Fig. 6b). The level of WKRY transcription factors was determined only in treatment with humic acids at concentration of 4 mM C L−1 (Fig. 7). The most WRKY DNA-binding transcription factors were downregulated by humic acid treatment with respect to control (Fig. 7). However, the WRKY2, WRKY 14, WRKY 39, WRKY 49, WRKY 54, WRKY 56, WRKY 65 and WRKY 74 were upregulated with high transcriptional level with respect to control (Fig. 7).[image: ../images/40538_2020_193_Fig6_HTML.png]
Fig. 6a Differential transcription of the SnRK2.2 genes (serine/threonine kinase related to non-fermentative sucrose SNF) and b MDH (malate dehydrogenase) measured by RT-qPCR according the treatments: HA humic acids (8 and 16 mM C L−1); AA acetic acid (0.4 and 4 mM L−1); AS salicylic acid (0.4 and 1.2 mM L−1). The expression was normalized in relation to the control treatment (control = 1). The data represent the mean and the bars the standard deviation (n = 3) in three independent experiments

[image: ../images/40538_2020_193_Fig7_HTML.png]
Fig. 7Differential expression of WRKY DNA-binding transcription factors in maize root seedlings treated with 4 mM C L−1 humic acids. The red bars represent significant down regulation with respect to control while blue bars correspond to transcription factors up regulated by humic acids with respect to control


Discussion
The topical challenge of modern agriculture is to combine the maintenance of crop yields with lower energetic inputs within changing environmental conditions. In this scenario, the abiotic stresses become prevalent limiting factors that need to be faced with the development of sustainable approaches to protect soil and plants. Preconditioning strategy can be utilized to stimulate the adaptation mechanism and enhance the crop resilience capacity and thus limiting the negative impacts on yield quality and productivity. Priming means to elicit and anticipate the plant tolerance against environmental challenges by improving physiological performance via the application of chemical or biotic agents [37]. Humic acids have been found to act as effective t priming agents against plant abiotic stress [12]. Recycled biomasses as vermicompost can be used to obtain humic isolates able to trigger a typical weak acid stress response in plants, i.e. cytosolic acidification followed by activation of gene response.
Humic acids isolated from vermicompost showed common chemical features usually associated with high biological activity such as phenols and carboxylic functional indicated by the at 56, 130 to 150 and 174 ppm chemical shift in 13C-CP/MAS NMR spectrum [38, 39]. The presence of bioavailable C-carboxyl and O-aryl-C was observed by both NMR spectroscopy and acid–basic titration curve unveiling a chemical behaviour of polyelectrolyte weak acids. At the growth medium pH, undissociated forms of different weak acid groups were found in a wide range of pKa.
The humic acid suspension at 4 mM C and 8 mM C L−1 promoted the maize seedlings root growth with respect to control (Fig. 2). The effect of humic acids in root is often dependent on concentration, organic source, plant type and age [1]. The average increase in root dry weight following humic acids application is usually around 20% in different experimental conditions [40], much smaller than root stimulation observed in this study (80 to 170%). Low concentration of both acetic and salicylic acids also promoted root growth with respect to control (Fig. 2). The stimulation associated with acetic acid was related to activation of jasmonate (JA) signalling pathway that confers drought tolerance [33]. Exogenous application of salicylic acid is often related to activation of plant defence, but may also play a role during the plant response to different abiotic stresses with crucial role in the regulation of physiological and biochemical processes during the entire lifespan of the plant [41].
The main short effect of weak acids in plants is cellular pH decrease by COOH dissociation as observed in all treatments revealed by BCECF probe (Fig. 2). BCECF-AM pH probe is a widely used analytical tool based on a fluorescence signal after hydrolysis of the acetoxymethyl ester bond by intracellular esterases [42]. In addition, its fluorescence reflects changes in the intracellular environment determined by the specific accumulation of BCECF in the cytoplasm [43]. The lipophilic weak acids enter the cell solely in their undissociated form, and it is this concentration that determines the magnitude of the pH change [44]. The effect of organic acids in cell pH drops is transient and dependent on both concentration and chemical nature of organic acids. Here, we observe a lasting-effect of humic acids on cytosolic acidification since the measurement was done after 30 min of incubation and 24 h of fixation. The inclusion of phenolic and carboxylic acid functionalities, pertaining to either bioavailable lignin units and saturated, unsaturated, and hydroxylated plant fatty acids, were closely related to the effective bioactivity properties and stress recover responses in plant treatments with vermicompost humic acids [39, 44–47].
There are many interpretations of physiological significance of intracellular acidification. Hagendoom et al. [42] showed a correlation between secondary metabolite production and a low cytoplasmic pH in different plant species. However, cytoplasmic acidification is not necessarily a prerequisite for the induction of secondary metabolite production, but might be part of a metabolic shift that accompanies this production [42]. Pelagio-Flores et al. [47] showed that inoculation with Trichoderma promotes a plant acidification and anthocyanin accumulation (secondary metabolism product) enhancing the plant protection mechanism. The phenolic compounds accumulation in plants treated with humic substances were previously observed as well as the promotion of activity of phenylalanine (tyrosine) ammonia-lyase (PAL/TAL) [48]. This enzyme catalyses the first committed step in the biosynthesis of phenolics by converting phenylalanine to trans-cinnamic acid and tyrosine to p-coumaric acid.
Changes in cytoplasmic pH occur in response to a wide array of stimuli, including phytohormones [49], chemical elicitors including glycoproteins, pectic enzymes, oligosaccharides, polyene antibiotics, sulfhydryl reagents [50] and polycyclic aromatic hydrocarbons (PAHs) [51]. One of the most acknowledged issues concerning the physiological effect of humic acids is their effects on proton pumps. Humic acids can increase the activity of plasma membrane H+-ATPase (P–H+-ATPase) and vacuolar H+-ATPase (V-H+-ATPase), thus modulating the cellular electrical environment and acting as cell buffer [52]. Furthermore, protons are implicated as a mediator in plant signal transduction with constitutes a key cross-point in the signalling cascades leading to the activation of defence genes [53]. Cytoplasmic free H+ may represent a component of the signalling network, which interacts with other types of second messengers such as changes in cytosolic calcium and membrane potential [50].
The increase in free cytosolic calcium concentration [Ca2+]cyt is an early signalling physiological response to humic acids application [54] which imply a signal transduction by phosphorylation pathways. Protein phosphorylation and dephosphorylation are an important reversible post-translational modification that causes inactive proteins to become active and vice-versa [55]. Protein phosphorylation has a prominent role in cell signalling and protein kinases and phosphatases, which, respectively, catalyse phosphorylation and dephosphorylation of specific substrates. Plant protein kinases regulate multiple processes, including metabolism, cell cycle, stress and hormone responses [55]. The SNF-related kinases are considered to be crucial elements of transcriptional, metabolic and developmental regulation in response to stress since one factor crucial for development and survival is the control of energy balance [56]. In the present study, the transcriptional level of SnRK2 was higher than control in plants treated with humic acids (Fig. 6). SnRK2 is a central integrator of stress and energy modulating the expression of more than 1000 genes through phosphorylation of various transcription factors including several WRKY transcription factors (TFs) [57]. Plant genomes contain a large number of TFs belong to a few large multigene families, e.g. NAC, bZIP and WRKY. The WRKY is a class of DNA-binding protein TFs that play a major role in plant defence to abiotic and biotic stresses. WRKY33 is one of the upregulated genes found in transcriptome of plants exposed to acidic apoplastic pH [58] as well as by cytosolic acidification [59]. These transcription factors were down regulated by maize seedling treatment with humic acids (Fig. 7). It was demonstrated that the WRKY23 is needed for proper root growth and development by stimulating the local biosynthesis of flavonols, a polyphenol that act as endogenous regulators of auxin transport [60]. WRKY45 was involved in phosphate starvation response and on the activation of high-affinity Pi transporters and lateral root emergence [61]. The results of transcriptional analyses showed that all these TFs were downregulated by exposure to humic acids. It was previously demonstrated that humic acids can induce the differential expression of high-affinity Pi transporters even in high Pi concentration [62]. AtWRKY45 mediates the expression of a transporter needed for phosphate acquisition, providing an insight into how WRKYs manage plant tolerance to soil abiotic stress [61]. It was previously observed that were also involved in the regulation of phenylpropanoid pathways by the production of a variety of phenolic compounds [63, 64] may also directly or indirectly affect flux through the phenylpropanoid pathway, resulting in altered biosynthesis of other phenolic-based compounds, e.g. flavonoids, lignans, etc. [3, 65]. This interaction is further supported by report showing that osmotic stress can induce the activation of a SA-induced protein kinase [66]. The effect of humic acids on phenylpropanoid pathway was mentioned above as well as in protein kinases.
Finally, the mechanisms contributing to intracellular pH regulation in plant cells can be simplified into two types. A metabolic-based regulatory mechanism (i.e. the biochemical pH-stat) is a critical component in cytoplasmic pH regulation). It relies on metabolites acting as strong pH buffers and pH-dependent metabolic reactions such as the carboxylation and decarboxylation of organic acids such as oxaloacetate or malate to consume or generate H+. The concept of control of cytoplasmic pH via metabolite interconversions is the well-known carboxylation (OH−-consuming) enzyme PEP carboxylase activity that is stimulated by high pH and the decarboxylating (OH−-producing) malic enzyme activity that is stimulated by more acidic conditions [67]. Malate dehydrogenase is one of the critical enzymes in malate metabolism. The enhancement of the relative transcriptional level of MDH was observed in all treatments (Fig. 6).
The second regulatory mechanism, defined as the biophysical pH-stat, is the membrane transport of H+ between the cytoplasm and the two main acidic compartments, the apoplast and vacuole [52]. This is primarily facilitated by directly energized H+ pumps, including the P-type H+-ATPase (P-ATPase) at the plasma membrane, which pumps H+ into the apoplast, and the V-type H+-ATPase (V-ATPase) at the tonoplast, along with a H+-pyrophosphatase (H+-PPase), pumps H+ into the vacuole [52]. Humic acids from different sources promoted a concerted activation of all these proton pumps [52] and enhance nitric oxide production in lateral maize roots [26, 27]. Since pH reduction is essential for the non-enzymatic synthesis of NO from NO−2, regulation of pumps by humic acids may be necessary during weak acids response in maize root tips.
Conclusion
We observed that humic acids similar to other organic acids showed a typical weak acids response. Humic acids induced cytosolic acidifications was reported by BCEBC probe and it has been suggested that they could be involved in elicitor signalling cascades since the cell sensor energy SnRK1 was activated as well as WRKY TFs. The weak acid stress activation can contribute to the formation of short-term stress imprints. It has been demonstrated that cell priming by humic acids involves accumulation of H+ in the cytosol either by proton pump activation or by permeation of undissociated carboxyl moieties from humic acids.
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