

  agronomy-13-02921




agronomy-13-02921







Agronomy 2023, 13(12), 2921; doi:10.3390/agronomy13122921




Article



Bacterial Inoculation and Extracts of Opuntia Rackets or Marine Algae Trigger Distinct Proline Balances in Tomato Salt Stress Alleviation



Abdelwahab Rai 1, Margarida M. Santana 2,*, Rodrigo Nascimento Maia 2, João Tavares 2, Elhafid Nabti 3 and Cristina Cruz 2





1



Laboratoire de Gestion et Valorisation des Ressources Naturelles et Assurance Qualité, Faculté SNVST, Université Akli Mohand Oulhadj, Bouira 10000, Algeria






2



cE3c—Centro de Ecologia, Evolução e Alterações Ambientais (Centre for Ecology, Evolution and Environmental Changes) & Global Change and Sustainability Institute (CHANGE), Faculdade de Ciências, Universidade de Lisboa, Campo Grande Bloco C-2, Piso 5, Sala 03, 1749-016 Lisboa, Portugal






3



Laboratoire de Maitrise des Energies Renouvelables (LMER), Université de Bejaia, FSNV, Equipe de Biomasse et Environnement, Targa Ouzemmour, Bejaia 06000, Algeria









*



Correspondence: mmcsantana@fc.ul.pt







Citation: Rai, A.; Santana, M.M.; Maia, R.N.; Tavares, J.; Nabti, E.; Cruz, C. Bacterial Inoculation and Extracts of Opuntia Rackets or Marine Algae Trigger Distinct Proline Balances in Tomato Salt Stress Alleviation. Agronomy 2023, 13, 2921. https://doi.org/10.3390/agronomy13122921



Academic Editor: Małgorzata Szczepanek



Received: 21 October 2023 / Revised: 22 November 2023 / Accepted: 25 November 2023 / Published: 28 November 2023



Abstract

:

High salt levels in soil can severely limit plant development and diminish the positive effect of plant-growth-promoting rhizobacteria (PGPR). However, extracts of organisms adapted to high salinity, such as Opuntia ficus-indica (OFI) and Enteromorpha intestinalis (EI), can restore the growth of PGPR. Therefore, we used OFI or EI extracts and their combination with the PGPR Achromobacter xylosoxidans BOA4 to evaluate salt stress relief in tomato (Solanum lycopersicum). The experimental setup consisted of a plant pot trial under greenhouse conditions with 12 treatments: control, irrigation with OFI extract; EI extract; BOA4-inoculated plus OFI extract and BOA4-inoculated plus EI extract under no salinity or salinity conditions (150 mM NaCl). The percentage of germination, and plant’s fresh and dry weight were registered 30 and 46 days after sowing. At 46 days, the ratio between proline and glutamic acid concentration (PR/GA) was determined, expecting high PR/GA ratios in plants more responsive to salt stress since proline is an osmolyte mainly synthesized from glutamate. The results showed that 52% of the control seeds under salt stress germinated, a figure that was increased to 92% in OFI-treated seeds. Tomato plants were shown to be very sensitive to salt stress since the dry weight was ca. one fourth that of the plants grown without salinity. However, EI or BOA4 plus EI stimulated plant biomass by ca. 3 times compared to the control with salt, restoring plant biomass to values comparable to those of control plants grown without salinity. The joint treatments with BOA4 and EI or OFI caused distinct PR/GA levels in plant tissues. An inverse relationship between the sum of relative shoot proline and glutamic acid contents and shoot biomass accumulation was observed, namely in treatments accumulating more biomass under no salinity and salinity conditions. This indicates that the proline/glutamate pathway represents a carbon sink that is needed to fight stress and is competing with the carbon flow used for growth.
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1. Introduction


About 6% of the globe surface is affected by salinity, corresponding to 20% of the irrigated area worldwide [1]. These sites are predominantly localized in arid and semi-arid zones of the globe where more than 90% of agriculture depends on irrigation, and rainfall is insufficient to leach salts from soil [2]. Moreover, 50% of agricultural lands are at risk of being affected by salinity by the end of 2050 [3,4]. Thus, soil salinization poses enormous challenges for both scientists and farmers, requiring better exploitation of natural resources. Cultivating new salt-tolerant varieties, researching and selecting germplasm from potential crops, producing genetically modified crops and applying exogenous osmoprotective compounds are regarded as major strategies for promoting agricultural performance under salt stress [5].



In soil, all organisms (including plants and bacteria) are subjected to similar constraints. At the cellular level, salt stress decreases water activity in the cytoplasm, disturbing protein functioning and inhibiting many biological processes such as macromolecules’ synthesis and DNA replication [6]. The synthesis and accumulation of compatible solutes (or osmoprotectants), which are low-molecular-weight organic compounds with strong water binding properties [7,8], constitute an important aspect of the biochemical adaptation to environments with high extracellular solute concentrations [9]. Thus, the name “compatible solutes” refers to molecules that are compatible with cell functioning [10]; sugars and derivatives (sucrose, trehalose, sulfo-trehalose, etc.), amino acids and derivatives (proline, glycine-betaine, etc.), ectoine and derivatives, and polyhydric alcohols (glycerol, arabitol and mannitol) are the main groups of compatible solutes accumulated in response to osmotic stress [11,12] At the first level, plant accumulation of endogenous osmolytes under high salinity is a strategy to avoid water deficiency by decreasing cell osmotic potential so that the decreases in soil water potential can be balanced with the increase in water uptake and the consequent maintenance of cell water content and turgor [13]. Nevertheless, osmolytes are also involved in many other physiological processes besides cellular osmolarity adjustment. Amino acids participate in ion transport regulation, stomatal opening modulation, and heavy metal detoxification [14,15,16].



Proline (PR) accumulation occurs as an adaptive response to stresses causing dehydration of plant tissues such as drought, salinity and freezing [17], but can also occur at lower levels in response to other abiotic and biotic stimuli [18]. Proline contributes to plant stress tolerance in several ways, many of which depend on the intrinsic chemical properties of proline. Proline is the most water-soluble amino acid and exists in a zwitterionic state, a property shared with other compatible solutes [7]. These characteristics allow proline accumulation to high levels without the disruption of cell structure, which is stabilized through hydrophilic interactions and hydrogen bonding when cellular water content decreases. Additionally, proline itself may act as an ROS-scavenger [19,20], the reactive oxygen species (ROS) being overproduced during stress conditions. Proline may also intervene in stress relief through the “proline cycle”, where it is synthesized from glutamate in the chloroplast and cytosol using NADPH and catabolized to glutamate in the mitochondria with the release of reductant. NADPH consumption in the chloroplast may be linked to the oxidative pentose phosphate pathway (PPP) as a way of moving reductant and buffering the chloroplast redox status [21].



In the PPP, ribulose-5phosphate is synthesized with the generation of NADPH and CO2; the former can then be used in the synthesis of proline and the latter re-assimilated by carbon fixation, a benefit under stress conditions where CO2 in the chloroplast can be limited due to stomatal closure. The resulting proline can be transported into the mitochondria to pass reductant into the electron transport chain or can be transported to roots as a substrate for continued growth or osmotic adjustment. Thus, proline is a “buffer” for cellular redox status under stress, acting as a transfer and as a reductant storage molecule [18]. Consequently, adjusting proline synthesis and degradation can alleviate bias of the cell redox status. Additionally, proline may act as a metabolic signal via its transport between different parts of the plant [21,22], because it can modulate the activity and the gene expression of proline cycle enzymes. Proline induces the expression of the gene encoding proline oxidase (ProDH), the first enzyme of the proline catabolism pathway in mitochondria [23]. During stress, ProDH is downregulated [24]. The downregulation of proline catabolism together with the transcriptional upregulation of its synthesis from glutamate are thought to control proline levels during stress [18]. Although other pathways might contribute to proline synthesis, glutamate is considered the main precursor of proline during stress [23], and there is evidence that mitochondrial glutamate dehydrogenase (GDH; EC 1.4.1.2) is important in supplying glutamate for proline synthesis [25]. Additionally, it has been shown that glutamate application to drought-stressed plants caused a synergetic interaction between hormonal signaling and proline synthesis, with further enhancement of proline-synthesis-related gene expression [26]. Noteworthily, glutamate itself is an osmolyte, and its accumulation has been reported in bacteria and archaea in response to hypertonicity [27].



Exogenous sources of amino acids such as proline or glutamate might thus change plant proline balance. Opuntia ficus-indica is a species of cactus and a crop grown throughout arid and semi-arid world regions, known for its tolerance to water stress through its ability to accumulate high amounts of free amino acids and other compatible solutes, thus constituting a potential source of osmoprotectants [28,29,30]. Enteromorpha intestinalis is a marine alga, also a source of macronutrients and osmoprotectants, and proline is a known osmolyte of this seaweed [31]. A positive effect of bacterial addition on osmoprotectant accumulation by plants has been described for plant-growth-promoting rhizobacteria (PGPR), e.g., [32,33], and genes encoding for glycine betaine/proline transporters and proline metabolizing genes, such as gltB and gltD, have been detected in the genome of the bacterium Achromobacter xylosoxidans [34]. Achromobacter species are known to hydrolyze the ethylene precursor 1-aminocyclopropane-1-carboxylate (ACC) by ACC deaminase to reduce stress ethylene production in plants and alleviate abiotic stress effects, a characteristic of PGPR. Mayak et al. (2004) [35] showed that Achromobacter piechaudii significantly increased the biomass of tomato plants grown in the presence of NaCl by reducing plant ethylene production. Importantly, Rai et al. [36] showed that the strain A. xylosoxidans BOA4 has several plant-growth-promoting (PGP) traits, such as nitrogen fixation, siderophore secretion and phosphate solubilization, and that extracts of Opuntia ficus-indica rackets and Enteromorpha intestinalis enhanced BOA4 halotolerance [36,37].



High salt levels in the soil may diminish the positive effect of rhizobacteria, namely of PGPR. Considering the above mentioned, we tested the hypothesis that extracts of organisms adapted to high salinity, such as extracts from Opuntia ficus-indica (OFI) and Enteromorpha intestinalis (EI), used in combination with salt-stress-protected PGPR (A. xylosoxidans BOA4), can be efficient in restoring tomato plant (Solanum lycopersicum, variety Marmande) growth under salt stress. The tomato is one of the most consumed vegetables worldwide and most of the commercial tomato cultivars are sensitive to moderate levels of salinity. Salt tolerance breeding programs have been restricted by the insufficient knowledge of its genetic and physiological tolerance-related traits [38]. The combined use of extracts of organisms adapted to salinity and PGPR for salt stress relief in crops has not been sufficiently studied. Additionally, the accumulation of proline and glutamic acid was explored and the ratio between proline and glutamic acid concentration (PR/GA) was determined; we expected higher PR/GA ratios in plants more responsive to salt stress since proline is an important osmolyte mainly synthesized from glutamate. An additional output of our study was the finding of a relationship between the sum of relative shoot proline and glutamic acid contents and shoot biomass accumulation. The results herein provide further insight into the distinct physiological mechanisms of tomato tolerance to salt stress related to the proline cycle, which were triggered by the presence of BOA4 and/or OFI and/or EI extracts.




2. Materials and Methods


2.1. Biological Materials


The bacterial strain BOA4 was isolated from agricultural land in the province of Bouira (36°7′41.29″ N, 3°32′55.89″ E; northern Algeria) and molecularly identified as Achromobacter xylosoxidans [36].



Opuntia ficus-indica (OFI) rackets and Enteromorpha intestinalis (EI) were collected from Boulimat beach in the province of Bejaia, Northern Algeria (36°48′05.5″ N 5°00′15.7″ E and 36°48′54.5″ N 4°59′11.1″ E, respectively). The collected material was cut to fine pieces, air dried in darkness and then powdered using an electric grinder to produce homogeneous material of 2 mm diameter. OFI and EI aqueous extracts were prepared by suspending the respective powders in distilled water (1% w/v) and autoclaving the mixtures at 110 °C for 30 min.



Tomato seeds (Solanum lycopersicum, Marmande variety) were provided by the Centre for Ecology, Evolution and Environmental Change (cE3c) of the Faculty of Sciences-University of Lisbon (Portugal). This variety is characterized by early maturation, facilitating short-term studies. The variety is marketed under the license “Vilmorin”.




2.2. Greenhouse Assay


Tomato seeds were surface sterilized for 4 min with (0.7% w/v) sodium hypochlorite (NaOCl) and washed five times with sterile distilled water [39]. Seeds were then brought in contact with the strain BOA4 for 30 min under occasional agitation (control seeds were kept in contact with sterile physiological water). The bacterial inoculum was prepared from a culture pellet obtained on Luria–Bertani (LB) broth medium (10 g tryptone; 5 g NaCl; 5 g yeast extract in 1 L distilled water. pH 7 ± 0.2). Cultures were grown for 24 h at 30 °C, then centrifuged (3000 rpm for 10 min at room temperature). The collected pellet was washed three times in sterile physiological water and finally standardized (optical density = 0.8; λ = 600 nm).



A low-mineral-content soil provided by the cE3c was thoroughly mixed with vermiculite (50/50 v/v) before use. Tomato seeds were sown in 6 × 20 cm pots (five seeds/pot at a depth of about 1 cm in the soil–vermiculite mixture). Each treatment was produced with 5 biological replicates. Pots were irrigated with 15 mL of water or 15 mL of 150 mM NaCl (controls), or OFI/EI extracts (prepared in either water or 150 mM NaCl).



During the first 15 days, pots were irrigated with the same solutions every 3 days, then with tap water (municipal treated water) every 2 days for 15 days (30 mL/pot). The germination was followed daily, and the germination percentage (GP) in each treatment was registered at the end of the first month. Tomato plants’ fresh weight (FW) was determined, and the experiment was pursued to 46 days with only three plants per treatment, after being transferred to 14 × 15 cm pots, irrigated one time with the same solutions as the first 15 days, then with tap water for the rest of the assay. At the end of 46 days, the aerial parts of the plants were collected for FW and dry weight (DW) determination and for amino acid analysis using high-performance liquid chromatography. Note that FW and DW were measured for each plant and expressed in mg or g, while g/plant or mg/plant refers to the average FW or DW obtained from the different plants in each treatment. The total productivity in terms of both FW (TPFW) and DW (TPDW) was also estimated in the absence and presence of salinity by multiplying plants’ FW (g) and DW (g) in each treatment by its corresponding number of germinated seeds (NGS); TPFW = FW × NGS; TPDW = DW × NGS.




2.3. High-Performance Liquid Chromatography


HPLC was performed on extracts prepared from tomato plants, harvested at the end of the experiment, according to the protocol of Fabiani et al. (2002) [40] to determine PR and GA concentrations in plant tissues.



The harvested aerial parts of tomato plants were dried at 60 °C, powdered under liquid nitrogen and dissolved at ca. 100 mg/mL in ultra-pure water. The obtained suspensions were vortexed, then centrifuged in a Spectrafuge 16M Microcentrifuge (Labnet, Edison, NJ, USA) (10,000 rpm for 10 min) and the supernatant was recovered. Sample derivatization was carried out at room temperature adding to 300 µL of the supernatant the following solutions: 600 μL of 200 mM borate buffer (pH 10); 600 μL of 15 mM 9-fluorenylmethyl-chloroformate (FMOC-Cl) (left to react for 5 min); 600 μL of 300 mM 1-amino-adamantane hydrochloride (ADAM) solution (left to react for 1 min). The reaction mixture was filtered through a polytetrafluoroethylene (PTFE) membrane (0.45 μm).



HPLC (Waters 600 system, Milford, MA, USA, EUA) was carried out using an RP-18 column (250 × 4 mm, 5 μm) (Lichrocart Purospher, Merck, Darmstadt, Germany) protected with a guard column of the same material. The column was operated at 25 °C with a flow rate of 1.0 mL/min using 50 mM acetate buffer (pH 4.2) as eluent A and acetonitrile as eluent B. Amino acids were separated with the following gradient elution conditions (time (min)/eluent A%): 0/72, 3/72, 27/55, 32/0, 37/0, 39/72, and 47/72. Wavelength detection (Waters 2487 detector, Milford, MA, USA, EUA) was fixed at 263 nm. Identification and amino acid quantification were performed by comparison with standards prepared at different concentrations and analyzed using the same protocol, and by extrapolation to the obtained calibration curves. The ratio of PR/GA was determined as it provides insights into the balance between osmotic stress responses and proline metabolism. We also calculated the relative contents (RCs) of PR and of GA: RC = ((mg amino acid/mg shoot sample analyzed by HPLC)/shoot DW (mg)), as well as the SRC (sum of the RC of PR and the RC of GA).




2.4. Statistical Analysis


Statistical analysis was carried out using Graph Pad prism (Version 9.3.1). All experiments were analyzed, comparing the treatments’ effects to their corresponding untreated controls, using the ANOVA (Fisher LSD test) for column analysis. The correlation between the DW (mg/plant) and SRC for no-salt and salt-stressed plants was assessed through the Pearson coefficient (r) using the IBM SPSS statistics software 20.0.0.0 (Armonk, NY, USA). The statistical significance of the correlation was considered at the 0.01 level.





3. Results


3.1. Germination Percentage (GP)


To assess whether the applied treatments had the potential to increase plant productivity through a positive effect on germination, we determined the GP. In the absence of salt stress, all treatments were efficient in increasing the GP. The OFI and EI extracts resulted in a GP increase from 64 to 100% and 88%, respectively, while bacterial inoculation resulted in a germination rate of 84% (Table 1). In the presence of salt stress, the OFI extract greatly improved the final germination percentage (from 52 to 92%) (Table 1).




3.2. Plant’s Fresh Weight (FW) and Dry Weight (DW)


The FW and DW of no-stress and salt-stressed tomato plants were measured to evaluate the effect of the different treatments on biomass accumulation.



3.2.1. Thirty Days after Sowing


Thirty days after sowing, all treatments, except BOA4, resulted in plant FW improvement in the absence of salt stress. EI extract, alone or in combination with the strain BOA4, enhanced plant FW to 135.7 and 140.1 mg/plant, respectively (Figure 1A). Salt stress application resulted in plant FW reduction from 75.8 to 38.7 mg/plant. However, all treatments restored the plant’s FW to values similar to the unstressed control. The BOA4 + EI combination yielded the best tomato FW improvement under salt stress (FW of 86.6 mg/plant) (Figure 1B).




3.2.2. Forty-Six Days after Sowing


Forty-six days after sowing, the aerial parts’ FW and DW of tomato plants were determined. Without salt, plant FW was statistically similar in all treatments, except BOA4 + OFI. The latter enhanced plants’ FW from 0.66 to 0.96 g/plant compared to the control (Figure 2A). Parallelly, plants’ DW increased by ca. 2.5-fold when treated with the combination of BOA4 + OFI (from 45.4 to 111.1 mg/plant). However, the separate application of BOA4, OFI and EI did not result in a significant increase in plants’ DW as compared to the untreated control. Salt stress severely reduced plants’ FW and DW to 0.22 g/plant and 12.9 mg/plant, respectively (Figure 2B,D), but the treatment of EI and its combination with BOA4 significantly restored the plants’ FW to 0.59 and 0.62 g/plant, respectively. In addition, all the treatments significantly enhanced plants’ DW. EI, alone or in combination with BOA4, increased tomato DW to 36.3 and 38.4 mg/plant, respectively.





3.3. Estimated Productivity


To infer the effect of the treatments on overall plant productivity, i.e., considering both the GP and the shoot biomass, we calculated TP; the total productivity (TP) was estimated by referring the plant’s FW and DW (g) in each treatment to its corresponding number of germinated seeds (Figure 3). In the absence of salt, the total productivity in terms of FW (TPFW) was significantly enhanced by the treatments EI, BOA4 + OFI and BOA4 + EI. However, the separate application of BOA4 or OFI did not affect TPFW (Figure 3A). In terms of DW, the treatment BOA4 + OFI greatly increased TPDW from 0.726 to 2.44 g (Figure 3C). Under salt stress, all the treatments, except BOA4, significantly increased both TPFW and TPDW. The combination BOA4 + EI had the most notable effect. It enhanced TPFW and TPDW from 2.88 to 10.59 g and from 0.17 to 0.65 g, respectively, corresponding to a ca. four-fold enhancement. However, the separate application of OFI or EI resulted in an over three-fold enhancement of the estimated TPDW (Figure 3D).




3.4. Relative Proline and Glutamic Acid Content in Tomato Plants


To inspect the accumulation of important amino acids, namely of Proline (PR) and Glutamic Acid (GA), their contents per mg of shoot sample were determined. The resulting values were referred to the total shoot biomass (DW) for an actual comparison of the amino acids’ relative content (see Section 2). The sum of the relative proline and glutamic acid contents was also determined (Figure 4).



Without salt (Figure 4A), the joint treatment BOA4 + OFI resulted in a drastic decrease in the RC of GA and in the SRC (ca. five-fold and ca. four-fold, respectively). The calculated PR/GA ratio for the concomitant treatment of tomato plants with BOA4 and OFI increased from 0.342 to 0.792. The OFI treatment caused an increase of GA relative content (from 1.413 to 2.289) and a consequent decrease in PR/GA to 0.229. The relative PR content was higher with the EI treatments, compared to the 0 mM control and to the OFI treatments; the RC of PR increased by 46.3 and 125% in the single EI treatment and its combination with BOA4, respectively, while the PR/GA ratio increased to 0.487 and 0.585 under the same treatments, respectively. Moreover, the joint treatment BOA4 + EI resulted in a 55% increase in the SRC.



In the presence of salt (Figure 4B), the relative PR content increased by ca. two-fold as compared to the unstressed control. The SRC also increased by ca. 27% when tomato plants were submitted to salt stress. OFI treatment or BOA4 inoculation enhanced the relative PR content under salt stress, and OFI addition to BOA4-inoculated plants further improved it; an increase of 73.3% for the relative PR content was registered for the BOA4 plus OFI treatment compared to the 150 mM control. The SRC was increased by ca. 24 and ca. 40% under treatment with BOA4 and BOA4 + OFI, respectively. The RC of GA in the control, BOA4 and OFI treatments were similar. As an overall consequence, the PR/GA ratios increased, BOA4 slightly enhanced the PR/GA ratio from 0.721 to 0.868, and the OFI and BOA4 plus OFI treatments significantly augmented this ratio to 0.945 and 1.072, respectively (Figure 4B). The EI extract did not cause a further increase in the RC of PR, of GA or of the SRC as compared to the 150 mM NaCl control. The use of EI extract together with BOA4 drastically reduced those values by 38.8, 57.3 and 49.6%, respectively. The PR/GA ratio increased with the EI and BOA4 plus EI treatments from 0.721 to 0.908 and 1.033, respectively.



An inverse relationship between the sum of the relative shoot proline and glutamic acid contents and plant biomass accumulation (Figure 5) was observed, namely in treatments accumulating more biomass under no salinity (BOA4 + OFI) and salinity conditions (EI and BOA4 + EI).





4. Discussion


Treatments with OFI and EI extracts and/or BOA4 had a positive effect on tomato plant productivity already at the germination stage, since all the treatments improved germination in the absence of salt stress, whereas OFI extract greatly stimulated the germination of tomato seeds in the absence and presence of salt stress conditions. This improvement could be related to Opuntia ficus-indica nutrients and phytochemicals. Several studies revealed that OFI is a source of carbohydrates and proteins, vitamins, fatty acids, minerals such as Mg, K, and also of osmoprotective compounds, especially N-organic molecules and free amino acids, which could explain its ability to promote plant growth in the absence and presence of salt stress by improving poor soil fertility and providing osmoprotective solutes to the stressed tomato plants [28,29,30,41,42]. According to Shoukat et al. (2023) [43] and references therein, glutamine is the main amino acid in OFI rackets (36.12 g/100 g), while proline is only present in trace amounts. Noteworthily, under salt stress, the addition of BOA4, either alone or with OFI, had no significant effect on germination. This bacterial effect was already reported by Santana et al. [37], who proposed that in spite of the previously demonstrated BOA4 halotolerance, the scavenging of seed nutrients by this strain might have occurred in the soil in order to cope with salt addition; also, the nutrients provided by OFI extract were certainly not sufficient to surpass this competition between BOA4 (and soil microbial community) and seed germination.



As with OFI extract, EI extract was also able to promote tomato growth in the absence and presence of salt (Figure 1 and Figure 2). Enteromorpha intestinalis extract is rich in sugars, polyols, amino acids and other N-organic molecules, constituting an important source of nutrients for both plant and bacteria in soil, and participating in plant growth enhancement [31,36,44,45]. It is also well admitted that Enteromorpha species accumulate high amounts of osmoprotectants such as amino acids, and quaternary ammonium and tertiary sulfonium compounds [46]. Unlike OFI rackets, proline constitutes a major amino acid in the composition of the marine macroalga EI [47].



A. xylosoxidans BOA4 possesses several PGP traits that may be important in plant germination and growth. For example, BOA4 is able to produce the phytohormone indole-3-acetic acid (IAA), known to be implicated in several aspects of seeds germination, which could explain BOA4’s ability to enhance tomato germination in the absence of salt stress. BOA4 expresses a wide range of PGP traits such as nitrogen fixation, lytic enzymes (protease, lipase, esterase, cellulase, etc.), siderophore secretion and phosphate solubilization [36], which might have been important in the plant growth improvement of tomato under salt stress (Figure 1 and Figure 2). Additionally, a positive effect of BOA4 on osmoprotectants’ accumulation by the plant may be envisaged as already described for other PGPR, e.g., [32,33]. Mayak et al. (2004) [35] showed that a strain of Achromobacter piechaudii significantly increased the biomass of tomato plants grown in the presence of NaCl. The bacterium reduced ethylene production by the plants, but not the sodium content. However, it slightly increased phosphorous and potassium uptake, which could have contributed to the activation of processes involved in salt effect attenuation.



Thirty days after sowing, the positive effect of most treatments on tomato plants’ FW in the absence and presence of salt stress was highly significant (Figure 1). Forty-six days after sowing, the synergistic effect of BOA4 and OFI in the increment of plant DW of the non-salt-stressed plants was clear (Figure 2C); this could be due to benefits provided by the extract to both plants and bacteria. Moreover, the lytic enzymes known to be produced by BOA4 [36] could be implicated in the mineralization of OFI organic composition, providing more nutrients for tomato plants. In opposition, treatment with EI extract, alone or in combination with BOA4, did not significantly increase the plants’ FW or DW in the absence of salt stress (Figure 2A,C), while being able to augment plant FW at 30 days (Figure 1A). This could be partially explained by the fact that EI is a marine organism and thus contains molecules that are less degradable by the soil flora and the terrestrial strain BOA4 [36]. Under stress conditions, an improvement of plant biomass was observed with the addition of the EI extract to BOA4-inoculated plants (Figure 2D). Enteromorpha has been used for bacterial growth enhancement under salt stress [46], which could explain the positive effect observed when adding both EI extract and the strain BOA4, particularly in terms of TP (Figure 3B,D). Rai et al. (2018) [36] previously showed that both EI and OFI extracts enhanced BOA4 halotolerance under salt stress, and this could account for the salt stress relief in the plants when subjected to the treatments with bacterial inoculation and extracts addition (Figure 3B,D).



The treatments herein caused distinct PR and GA accumulation in plant tissues, which resulted in different PR/GA ratios. It could be that the augmentation of the relative PR contents in non-stressed plants due to BOA4 inoculation (alone or with EI) was caused by a perception of a plant stress simile status induced by the bacteria. In this context, few studies have reported major transcriptional changes of stress response and hormone-related genes upon PGPR inoculation [48,49]; for instance, genes involved in auxin pathways were upregulated by PGPR inoculation [49], auxin being essential for root development and thus for the absorption of nutrients. Herein, the IAA producer BOA4 would thereby enhance the uptake of nutrients by the root, such as the uptake of proline provided by EI extract. The stress simile status could be “relieved” by the joint treatment with OFI extract, which could, by a yet unknown mechanism, increase PR and glutamate turnover and their use in processes of plant growth. Indeed, BOA4 plus OFI extract reduced the RC of PR and of GA; however, the PR/GA ratio increased by two-fold (Figure 4A), suggesting an increment in the proline cycle rate, but also in glutamate (and PR) consumption. On the other hand, the OFI treatment caused a PR/GA reduction associated with no significant change in the RC of PR but an increase in the relative GA content. This increase in relative GA content caused by the OFI treatment may have a role in the “relief mechanism” suggested for the joint treatment, by increasing the glutamate pool in the proline cycle. This gain could have been due to an increase in the uptake of glutamate and/or glutamine by the plant root, in agreement with the rich glutamine and glutamate content found in Opuntia ficus-indica [41,43].



The relative proline content was higher with the EI treatments, compared to the control without salt and to OFI treatment (Figure 4A). PR accumulation has been registered under physiological non-stressed conditions, and it has been proposed that this accrual provides energy to sustain metabolically demanding developmental processes involving rapid cell growth [50]. Examples are the elongation of the hairy roots in dicotyledonous plants infected by Agrobacterium rhizogenes [51] and the elongation of the pollen tube [52]. PR correlation with cell elongation might also be related to protein synthesis, since it is a major component of hydroxyproline-rich glycoproteins, which are important structural constituents of the plant cell wall with a role in cell division, cell wall assembly and extension [50,53]. Although a role of PR for protein synthesis could be considered herein, there was no significant increase in the aerial part’s DW. It could be envisaged that proline uptake increased, thanks to the richness in proline of the added EI extract [47], assuring PR accumulation for future cellular processes. Proline transporters (ProT family) are integral membrane proteins demonstrated to have roles in proline and glycine–betaine uptake through the roots [54,55]. The expression level of ProT family members is frequently correlated with conditions of stress (see below) or high PR concentrations [54].



In the presence of salt, the RC of PR increased by two-fold as compared to the control with no salt (Figure 4B). As aforesaid, in response to salt stress, both plant and soil bacteria accumulate osmoprotectants. PR is known to be accumulated under salt stress, contributing to salt stress tolerance as an osmolyte and an ROS-detoxifier [19,20,56]. Additionally, PGPR inoculation contributes to the increased accumulation of PR by plants. Qurashi and Sabri (2011) [32] found that endogenous PR accumulation in lentil plants increased by 68% at 100 mM NaCl, and plant inoculation with a halotolerant strain of Staphylococcus saprophyticus increased that value to 98%. Kim et al. (2014) [33] showed that Enterobacter sp. EJ01 improved plant growth and relieved salt stress in tomato and Arabidopsis, increasing the expression of genes involved in salt stress response, as well as the expression of PR biosynthetic genes. Herein, BOA4 inoculation also enhanced PR accumulation, and OFI addition further improved it. This behavior could be related to the increased halotolerance conferred to BOA4 by OFI extract [36] and resulted in tomato plant salt stress tolerance. In addition, it is known that the expression of plant ProT family transporters is often correlated to stress conditions; for instance, the steady-state mRNA levels of mangrove ProT transporters increased under salt stress conditions [57], and HvProT expression in barley roots was increased by salt stress [58]. Hence, an increase in PR uptake by the plant could have been a factor for the observed relative PR content increment under salt stress associated with the OFI extract, which had over 36 μg/mL PR (results not shown). Also, it is known that glutamate application to drought-stressed plants, herein provided by the OFI extract [41], can cause a synergetic interaction between hormonal signaling and proline synthesis [26] The decrease in PR catabolism to glutamate in the proline cycle could have also contributed to this increment, and the observed similitude of relative GA contents in the control and OFI treatments (Figure 4B) suggest that the glutamate pool was fueled thanks to the glutamine and glutamate present in OFI extract [41].



Treatment of tomato plants under salt stress with EI extract did not cause a further increase in the relative PR or GA content, as compared to the control with salt. On the contrary, the use of EI extract together with BOA4 drastically reduced those values. These results together with the 43.3% increase in the PR/GA ratio suggest that an increased turnover of the proline cycle associated with the cell’s use of both glutamate and PR in metabolism lead to stress relief and plant growth.



It is not consensual that proline accumulation is an adaptive response to stress; instead, it has been correlated with slower growth and necrosis, hence considered an indicator of general cellular damage in plants [59]. Proline concentration was not consistent with salt tolerance in barley, where the more tolerant cultivar had increased levels of hexose phosphates and TCA cycle intermediates, whereas elevated levels of proline were found for the more sensitive cultivar [59]. Our results suggest that proline accumulation followed by a rapid turnover (probably due to the use of proline as an energy source, protein building block, and a “redox buffer” associated with the PPP pathway) is the metabolic status achieved with stress relief, while proline accumulation per se corresponds to a partial response to stress, which possibly may not be sufficient for prolonged exposure to stress. In terms of the relative PR plus GA contents, this will result in an inverse relationship between that sum and plant biomass accumulation (Figure 5), as these amino acids are directed for plant growth processes, and clearly observed in treatments accumulating more biomass under both no salinity and salinity conditions. In agreement with this hypothesis, Hayano-Kanashiro et al. (2009) [60] observed rapid decreases in maize proline levels after stress recovery, associated with transcriptional regulation of proline cycle enzymes, which may be one factor in the resumption of growth after stress, an important element of overall stress tolerance.



Our work points to a new avenue for future research, as bio-stimulants meant to alleviate salt stress can differ in their effect on proline balance; the most promising bio-stimulants will be those that “surpass” the plant’s need for proline accumulation per se, while allowing proline to be also used for protein synthesis by giving the plants osmoprotective compounds and additional nutrients for their growth. We propose further inspection of the relative PR plus GA content in other crops treated with bio-stimulants and the use of supplementary methods, for instance isotope labeling, to fully ascertain the association between the use of bio-stimulants and proline balance.



The successful restoration of plant growth under salinity conditions by PGPR application and the concomitant use of aqueous extracts of marine algae has already been reported, providing promising approaches in seed inoculum formulation for plant growth restoration under salt stress [6]. The restoration achieved by the EI extract indicates that spreading the use of Enteromorpha intestinalis in coastal environments may be desirable. So far, no clear antithesis has been made against algae application as biofertilizers, with the advantage of marine algae such as Enteromorpha being widely distributed in most of the planet’s coastal regions. Nevertheless, the long-term application of algae and their high salt content can increase its quantity in soil, which could be avoided by including soil rest and rain-flushing periods to reduce soil salt content [61,62]. Otherwise, the algal organic compounds such as carrageenans, laminarins and ulvans are different compared to those belonging to terrestrial plants such as cellulose, hemicellulose and lignin, which may expose the soil microbial community to new and less degradable compounds [63,64]. Algae are also considered heavy metal accumulators in marine environments [65]. Additionally, the anaerobic decomposition of sulfate compounds in algae leads to the production of sulfides; their microbial oxidation increases hydrogen ion concentrations in soil and therefore causes soil acidification [66]. On the other hand, the application of OFI extract in this work revealed the effectiveness of Opuntia ficus-indica as a significant alternative to the use of marine macroalgae, both in saline-stressed and non-stressed soils. In addition, the resistant nature of prickly pear to periods of prolonged water stress, a major characteristic of arid and semi-arid regions, offer perspectives for the application of this plant in modern agriculture as a biofertilizer for better exploitation of an abundant terrestrial bioresource. Using Achromobacter xylosoxidans BOA4, characterized for its ability to produce metabolites of agricultural interest [36], together with cost-effective aqueous extracts of Enteromorpha intestinalis or Opuntia ficus-indica at saline stressed soils, would be advantageous and an ecofriendly alternative to the use of expensive and pollutant chemical fertilizers.




5. Conclusions


The results herein provide valuable insights into enhancing salt stress tolerance in tomato plants, suggesting the potential use of the bacterium Achromobacter xylosoxidans BOA4 and aqueous extracts of Opuntia ficus-indica and Enteromorpha intestinalis for mitigating the negative effects of high salinity on crop productivity. The determination of the relative contents of proline and glutamic acid indicated that the BOA4, OFI and EI treatments triggered different proline balances in tomato plants to increase their salt stress tolerance. Further research can explore the underlying molecular mechanisms and optimize the application of these ecological resources in a large-scale agriculture set.
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Figure 1. Effect of Achromobacter xylosoxidans (BOA4), O. ficus-indica (OFI) and Enteromorpha intestinalis (EI) extracts, and the combinations BOA4 + OFI and BOA4 + EI on tomato plants’ average fresh weight (FW) 30 days after sowing; (A) no salt addition, (B) 150 mM NaCl treatment. Vertical bars represent standard deviation. Statistical significance (one-way ANOVA, Fisher LSD test): ** p < 0.005; *** p < 0.001; **** p < 0.0001. 
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Figure 2. Effect of Achromobacter xylosoxidans (BOA4), Opuntia ficus-indica (OFI) and Enteromorpha intestinalis (EI) extracts, and the combinations BOA4 + OFI and BOA4 + EI on plants’ average fresh weight (FW) and dry weight (DW) 46 days after sowing. Panels (A,B) represent FW; (C,D) represent DW; (A,C) represent no salt addition; (B,D) represent salt stress conditions. Vertical bars represent standard deviation. Statistical significance as compared to controls (one-way ANOVA, Fisher LSD test): * p < 0.05; ** p < 0.005; *** p < 0.001; **** p < 0.0001. 
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Figure 3. Effect of Achromobacter xylosoxidans (BOA4), Opuntia ficus-indica (OFI) and Enteromorpha intestinalis (EI) extracts, and the combinations BOA4 + OFI and BOA4 + EI on the estimated total productivity (TP) 46 days after sowing. TP is estimated in terms of fresh weight (TPFW) and dry weight (TPDW) (see Section 2.2 in the text). Panels (A,B) represent TPFW; (C,D) represent TPDW; (A,C) represent no salt addition; (B,D) represent salt stress conditions. Vertical bars represent standard deviation. Statistical significance as compared to controls (one-way ANOVA, Fisher LSD test): * p < 0.05; ** p < 0.005; **** p < 0.0001. 
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Figure 4. Effect of Achromobacter xylosoxidans (BOA4), Opuntia ficus-indica (OFI) and Enteromorpha intestinalis (EI) extracts, and the combinations BOA4 + OFI and BOA4 + EI on the relative contents (RCs) of proline (PR), glutamic acid (GA) and their sum (SRC). The data were obtained from plants collected 46 days after sowing. The relative contents are represented by columns. The PR/GA ratios are represented by black points. (A): absence of salt stress, (B): salt-stressed plants (150 mM NaCl treatment). Vertical bars represent standard deviation. Statistical significance as compared to the control (one-way ANOVA, Fisher LSD test): * p < 0.05; ** p < 0.005; *** p < 0.001; **** p < 0.0001. 
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Figure 5. Inverse relationship between the sum of relative proline and glutamic acid contents (SRC) and average plant biomass accumulation (DW) 46 days after sowing. Panel (A): absence of salt stress, (B): salt-stressed plants (150 mM NaCl treatment); the correlation is significant at the 0.01 level in both cases (**: significant difference p ≤ 0.01); (A) r = − 0.910; (B) r = − 0.707. 






Figure 5. Inverse relationship between the sum of relative proline and glutamic acid contents (SRC) and average plant biomass accumulat