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Abstract

:

Biostimulants hold great potential for developing integrated sustainable agriculture systems. The rhizobacteria Azotobacter chroococcum strain 76A and the fungus Trichoderma harzianum strain T22, with demonstrated biostimulant activity in previous systems, were evaluated in Triticum durum cv Creso for their ability to enhance growth and tolerance to drought stress. Growth and drought tolerance were evaluated in conditions of low and high soil nitrogen, with two levels of water stress. T. harzianum increased plant growth (+16%) under control conditions and tolerance to moderate drought stress (+52%) under optimal fertilization, while A. chroococcum conferred a growth penalty (−28%) in well-watered conditions under suboptimal fertilization and increased tolerance only under extreme drought stress (+15%). This growth penalty was ameliorated by nitrogen fertilization. T. harzianum abundance was found to be positively correlated to extreme soil drying, whereas A. chroococcum-induced tolerance was dependent on soil nitrogen availability. These results indicate that while biostimulants may enhance growth and stress tolerance, nutrient availability soil and environmental conditions heavily influence these responses. These interactions should be considered when designing biostimulant products targeted to specific cultural conditions.
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1. Introduction


Competition for fresh water between urban, industrial and agriculture uses is constantly increasing due to population growth and climate change [1,2]. In agriculture, water shortage and extreme drought events are considered amongst the most critical environmental stresses causing yield loss [3,4,5]. Plants affected by drought stress initiate metabolic, physiological and morphological changes, which are necessary for stress adaptation [6,7,8,9,10,11]. Among the many strategies that have been developed to protect agricultural crops from drought stress, the use of molecules and compounds with biostimulant action is gaining an increasing interest since these products can aid the plant to partially counteract the negative effects of drought and other abiotic stresses [12]. Biostimulants are a loosely defined category grouped together more by applications than their inherent properties. In general, they can be classified in different groups: seaweed extracts [13,14], protein hydrolysates [15], humic and fulvic acids [16], silicon [17], chitosan [18], phosphites [19], arbuscular mycorrhizal fungi (AMF) [20], Trichoderma strains [21,22] and plant growth-promoting rhizobacteria (PGPR) [23]. Bacteria and fungi present in the rhizosphere may have a pivotal role as biostimulants to enhance plant stress resistance [24,25,26,27,28]. Plants living in symbiosis with mycorrhizal fungi appear to have the ability to absorb more water from the soil, possibly because the hyphae of the fungi permit greater access to water-filled pores in the soil than root hairs, thus making this resource available to the plant [24,29]. Many soil microbes, such as rhizobacteria and the fungus Trichoderma in the plant rhizosphere, are capable of acting as symbionts producing positive effects to the plant, including enhancement of seed germination; plant and root growth promotion; plant defense responses (induced systemic resistance (ISR) or systemic acquired resistance (SAR) to phytopathogen attack; production of effectors (i.e., enzymes, proteins, secondary metabolites). These beneficial effects are useful for growth and survival; solubilization, nutrient availability and assimilation; as well as increased resistance to abiotic stresses due to water, salinity or temperature limitations or extremes [30,31,32,33,34,35,36,37,38]. Numerous studies have been conducted on Trichoderma harzianum and the beneficial effects on drought stress tolerance on important crops such as rice [39], tomato [40,41] and wheat [42] have been documented.



Another relevant class of biostimulants is represented by PGPR, belonging to various genera, such as Bacillus, Pseudomonas, Azospirillum, Azotobacter, Alcaligens, Arthobacter, Agrobacterium and Rhizobium [23,43]. They can stimulate plant growth in direct or indirect modes. For example, they can produce hormones such as auxins, ABA, cytokinins and volatile chemical compounds that positively affect plant growth. They have also been shown to facilitate plant nutrient uptake [23]. PGPR can help plants to reduce the effects of abiotic stress. Numerous studies have demonstrated the efficacy of Rhizobium in augmenting tolerance against abiotic stress in plants [44]. Other bacteria can alleviate salt stress by producing high levels of auxin [43,45]. Furthermore, PGPR may also produce exopolysaccharides (EPS) [46] that form a film around the roots helping plants to maintain hydration and to re-establish a favorable water potential gradient under water limitations. These functions have been verified under saline stress [47], extreme temperatures, pH and drought [44,48]. In addition, many Trichoderma species also have PGPR-similar effects on the plant, acting as biostimulants on plant growth and enhancers of resistance to various abiotic stress [21,22,32].



Considering that different biostimulants and/or class of biostimulants may provide stress protection via diverse mechanisms of action [13,49], combination of two or more biostimulants is likely to enhance their protective action [50,51]. However, a complete understanding of additive and/or synergistic effects of multiple biostimulants is still lacking. As a preliminary step for designing functional combinations of biostimulants that can help crops to cope with environmental stresses, in this work we inoculated Triticum durum cv. Creso with T. harzianum strain T22 or Azotobacter chroococcum strain 76A to understand whether and how the application of these two biostimulants could be beneficial when applied on wheat exposed to drought and/or N deficiency.




2. Materials and Methods


2.1. Growing Conditions and Experimental Design


The experiment was carried out in greenhouse at the experimental station of the University of Naples Federico II, Southern Italy (lat. 43°31′ N, long. 14°58′ E; alt. 60 m above sea level). Triticum durum cv. Creso seeds were germinated in peat and were transplanted into 54 plastic pots (50 cm Ø) with a substrate volume of 0.03 m3 containing pure peat moss (100%) with the following characteristics: pH in water 6.0; 140 g l−1 total N; 43.7 mg L−1 available P; 157.7 mg L−1 K; organic substance was 70% of dry mass; 0.35 dS m−1 EC; apparent density 130 kg m−3 and total porosity of 90 (% v/v). Six plants per pot were transplanted to obtain a final density of 60 plants m−2. After transplantation, half of the pots was not fertilized with N while the other half was fertilized with N (27 pots nitrogen treatment) by adding to the soil 100 units ha−1 ammonium nitrate equivalent to 27% of total N (13.5% nitric N and 13.5% ammoniacal N). Plants were drip irrigated, with one dripper per plant. The system was fed by electric immersion pumps and irrigation was automatized thanks to a timer. In order to impose water stress, plants were irrigated with 50% (moderate stress) and 25% (severe stress) of the optimal water supply (100%), as estimated by evapotranspiration calculation [52].




2.2. Bacterial and Fungal Inoculum


The strain A. chroococcum 76A, previously selected for its multiple plant growth promotion activities as well as antimicrobial activity and tolerance to salt and drought stress [53,54] was used. Inoculum preparation was performed according to Van Oosten et al. [43]. The inoculum was applied mixed to quartz sand to reach a microbial concentration of approximately 1 × 106 CFU g−1 and applied as previously described [43].



The fungal inoculum consisted of the commercial product (Trianum-P, Koppert B.V., Rotterdam, The Netherlands) containing T. harzianum strain T22/KRL AG2 (hereby T22), prepared to a final concentration in water of 1 × 107 spores/mL.



Each liquid microbial inoculum was applied separately, by watering to three pots for each nitrogen × watering treatment (total six combinations), conducted in two replicates. The first inoculation was conducted at the time of transplant using a volume of 250 mL per pot for T. harzianum T22 and 500 mL per pot for A. chroococcum 76A. A second application was conducted one month later using a volume of 500 mL of each microbial inoculum. The water treatment was used as negative microbial control for all nitrogen-water stress conditions.



At the end of the experiment, rhizosphere samples were collected according to Romano et al. [55]. Microbiological analysis, using standard protocols [43,56], was conducted to determine the number of colony forming units (CFU), on generic or differential substrates, as Rose Bengal Agar and LG agar medium [57] for T. harzianum and A. chroococcum, respectively. The fungal colonies were identified by observing the morphological structures during sporulation under a light optical microscope (Zeiss, Axio scope, Milan, Italy).




2.3. Physiological and Biometric Measurements


The following physiological parameters were measured: net photosynthesis, stomatal conductance, leaf water potential (Ψleaf) and SPAD index. The net photosynthesis was determined with an infrared gas analyzer (HCM-1000, Walz, Effeltrich, Germany) at saturating photosynthetically active radiation (PAR) of 800 μmol m−2 s−1 at 20 °C and 65% relative air humidity on young fully expanded leaves [13]. The stomatal conductance was measured on young fully expanded leaves with an AP4 leaf porometer (Delta-T Devices, Cambridge, UK). Ψleaf was evaluated using a dewpoint psychrometer (WP4, Decagon Devices, Pullman, Washington, DC, USA) [13]. The SPAD index was measured with a MINOLTA chlorophyll meter (SPAD 502-Plus). At the end of the experiment (150 days after sowing), five plants per pot were separated into leaves, stems, roots and spikes, for fresh biomass determination. Tissues were then dried to constant weight in a forced-air oven at 80 °C for 72 h for the dry biomass determination. The final plant height, the number of leaves, stems and spikes were also recorded.




2.4. Mineral Analysis


Mineral composition was determined as previously reported in Cirillo et al. [58] on dried, finely ground samples of leaves and roots. Anions and cations were extracted in Milli-Q water (Merck Millipore, Darmstadt, Germany) in a thermostatic bath at 80 °C for 10 min (ShakeTemp SW22, Julabo, Seelbach, Germany). After centrifugation at 6000 rpm for 10 min, the supernatant was filtered (0.2 µm) and analyzed by ion chromatography with suppressed conductivity detection using a Dionex ICS-3000 system (Sunnyvale, CA, USA). Cations analysis was carried out with isocratic method (20 mM; flow rate 1 mL min−1) using an IonPac CS12A column with a CG12A guard column and methanesulfonic acid as eluent. Anions analysis was performed with KOH gradient (1 mM–50 mM; flow rate 1.5 mL min−1) using an IonPac AS11HC column with an AG11HC guard column. The results are expressed as g kg−1 dry matter (d.m.).




2.5. Gene Expression Analysis


Gene expression was performed via quantitative RT-PCR (qRT-PCR) on leaf tissue at Feekes Stage 7, before the flag leaf development. Leaves from the same treatment were mixed and three replications per bulk were obtained separately from the pool were analyzed. Each replicate was a pool of four plants. Total RNA extraction was performed by using TRIZOL Reagent (Life Technologies, Carlsbad, CA, USA). RNA was quantified by NanoDropND-1000 Spectrophotometer (NanoDropTechnologies). RNA integrity was verified by gel electrophoresis in denaturing conditions (1X MOPS and formaldehyde 2%). One µg of RNA was used as template to obtain cDNA using a QuantiTect Reverse Transcription kit (Qiagen). Synthesis of cDNA and subsequent amplification by qRT-PCR was performed as detailed in Van Oosten et al. [43]. Primers were designed based on the T. aestivum gene sequences present in the National Center for Biotechnology Information (NCBI) databases and reported in Table S1. The 26S ribosomal gene was used as endogenous reference for the normalization of the expression levels of the target genes.




2.6. Proline Content Measurement


Proline content was measured from leaf tissues at Feekes Stage 7. Two technical replicates were used for three plants per treatment. Proline quantification was performed using the method described by Claussen et al. [59], using 250 mg of powdered fresh tissue. Samples were suspended in three ml of 3% sulfosalicylic acid and filtered through a layer of glass-fiber filter (Ø 55 mm, Macherey-Nagel, Düren, Germany). One ml of glacial acetic acid and one ml of ninhydrin reagent (2.5 g ninhydrin/100 mL of a 6:3:1 solution of glacial acetic acid, distilled water and 85% ortho-phosphoric acid) were added to one ml of filtered sample. Mixtures were boiled for one hour at 100 °C in a water bath. Samples were then incubated for five minutes at room temperature and one ml of each sample was immediately read at spectrophotometer at a wavelength of 546 nm. The proline concentration was determined by comparison with a standard curve.




2.7. Statistical Analysis


Data were analyzed by three-way analysis of variance (ANOVA) by the software SPSS 21 (IBM, Armonk, NY, USA), with the interaction between treatment (inoculum with T22 or 76A), irrigation treatment (25%, 50% and 100%) and fertilization level (with or without nitrogen). Duncan’s multiple range comparison tests were used to determine differences between means (p ≤ 0.05) unless otherwise noted.





3. Results


3.1. Microbial Counts, Plant Growth and Yield


At the end of the cultivation cycle, a significant increase of diazotrophic bacterial growth in the rhizosphere of 76A inoculated wheat plants was observed in all conditions, with microbial concentrations reaching values of 7.34–7.56 Log CFU g−1 regardless of the drought stress and/or fertilization applied. With respect to fungal abundance, a clear inverse relation was found between hydric regime and the presence of fungi in the root zone in both control and inoculated plants (with lowest fungal CFU at 100% water, regardless the presence/absence of N fertilization), which could be possibly associated to increasing anoxia at water saturating conditions and/or water-induced stimulation of antagonistic microbes or compounds released in the soil community that inhibited fungal populations. The highest fungal CFU values were obtained at 25% water stress, in both the N-unfertilized (9.3 × 105 g/soil) and N-fertilized (19.3 × 105 CFU/g soil) conditions. Biostimulant treatment, nitrogen and water availability all affected plant growth and yield, with significant interactions among different factors (Table S2). A 50% reduction of the water regime caused 28% and 19% decrease of the average shoot and root dry weights, respectively (Figure 1A–D).



A further decrease occurred when the irrigation water was 25% of the control regime (−49% and −57% in shoots and roots vs. control plants, respectively). However, at 50% water, soil dehydration did not affect T22-treated plants in terms of shoot dry weight, which was 61% higher than control plants (Figure 1A). The T22 shoot dry weight was significantly higher (+24%) than control plants also at full soil hydration (100%) indicating that T22 may have functioned as general growth enhancer rather than specific stress protectant. A similar pattern was observed for stems number and spike fresh weight (FW), with an average reduction of −26% and −34% for stems FW and spike FW at 50%, and of −45% and −49% at 25% water, respectively, and +57% for stems number and +50% for spike FW for T22-treated plants vs. control at 50% water regime (Figure 1B,C). T22-treated plants had the highest shoot dry weight (DW) under standard and reduced N (+28% and +33% vs. control plants respectively) (Figure 2A).



With the exception of 76A-treated plants, which had a 38% lower root DW vs. control plants under no nitrogen, this parameter did not seem as affected by N as the shoot (Figure 2B). With respect to shoot fresh weight, there was a significant biostimulant × water × nitrogen interaction, which confirmed best performance of both T22 (at 100% and 50% water) and 76A (only at 100% water) under optimal N fertilization and the best performance of T22 (at 100% and 50% water) under suboptimal N (Figure 3).




3.2. Physiological Responses to Combined N and Water Stress


Ψleaf was around −2 MPa for all plants grown at 100% and 50% water treatment, whereas it was significantly reduced at 25% (Figure 4A).



At the most extreme water stress (25%), 76A-treated plants were less affected (−2.58 MPa) than control and T22-treated plants (−3.64 MPa and −3.27 MPa, respectively). The stomatal conductance was consistent with Ψleaf values (Figure 5). The stomatal conductance was higher in T22 and 76A relative to control plants at full irrigation regime under suboptimal fertilization (+21% and +55%, respectively), while only T22 performed better than the control under optimal fertilization (+52%).



However, this did not alter the Ψleaf since plant had no water restrictions to transpiration. At moderate water shortage (50%) the reduced stomatal conductance still allowed the control of leaf hydration in all plants with no reduction in Ψleaf; in contrast, although advanced water shortage (25%) further reduced stomatal conductance, this was not sufficient to maintain high Ψleaf. Interestingly, the slightly higher stomatal conductance of 76A vs. control and T22-treated plants under water shortage may explain the highest Ψleaf of those plants, suggesting that under extreme conditions 76A may have beneficial effects on plants.




3.3. Leaf and Root Ion Content


The effects of T22 and 76A under varying nitrogen and water levels on leaf and root ion accumulations were measured (Tables S3 and S4). Leaf ammonium content under optimal nutritional regime at 100% and 50% water treatments was similar for controls (average of 0.12 g kg−1 d.m.) and plants treated with the two biostimulants (average of 0.15 and 0.12 g kg−1 d.m. for T22 and 76A, respectively) (Figure 6A).



At extreme drought (25%), leaf NH4+ content moderately increased in T22 with highest values in 76A-treated plants (0.24 g kg−1 d.m.). Under limited nitrogen, leaf NH4+ contents were reduced in T22-treated plants (−27%), whereas were still high in 76A-treated plants at 50% water regime. Under optimal nitrogen regime, leaf NO3- decreased in T22 and 76A at 100% (−64% and −33%) and 50% (−26% and −20%) water treatments. At advanced water shortage (25%), it significantly increased in 76A (4.5-fold changes) plants and it was maintained still high under reduced nitrogen and water availability (Figure 6E). The patterns of K+ and PO43− accumulation in leaves did not show any remarkable trend with a minor yet general decay of these ions in T22 and 76A vs. control plants and a significant increase of PO43− concentration in 76A-treated plants at moderate stress under reduced nitrogen (Figure 6B–F), confirming that the 76A treatment may have somehow facilitate nutrients acquisition under these conditions. In roots, NH4+ contents were 18% and 8% higher in T22 and 76A-treated plants under optimal nitrogen and water regimes and were always higher in T22 treatments under optimal and suboptimal nitrogen (Figure 7A).



Under extreme conditions (low N and 50% water), highest accumulation on NH4+ was observed in 76A-treated plants (Figure 7A). The root NO3- content was 7.26 and 9.5 times higher in T22 and 76A-treated plants respectively under optimal water and nutritional regimes (Figure 7E). Highest NO3- contents across treatments were observed in T22-treated plants under optimal fertilization and 50% water and 76A-treated plants under extreme drought and reduced N (Figure 7E). The patterns of K+ and PO43- accumulation mirrored those observed in leaves with no major effects of the imposed treatments (Figure 7B–F).




3.4. Gene Expression


Three genes known to be involved in the response of wheat to abiotic stress were chosen to study their expression in interaction with beneficial microorganisms and nitrogen fertilization during drought stress. Furthermore, four genes involved in nitrate uptake and assimilation of wheat where selected to determine the effects of treatments on nitrogen uptake. Gene expression was evaluated in watered control (100% of needs) and in severe drought stress conditions (25% of needs). The transcription factor LEA2 gene (Late Embryogenesis Abundant) is known to be highly induced by drought stress. Under standard N fertilization, LEA2 expression was low in well-watered control plants with a slightly higher level of expression in 76A-inoculated plants (Figure 8A). Under severe water stress (25%), LEA2 expression increased in all treatments and in particular in 76A-treated plants which showed a 2-fold induction vs. control plants. LEA2 expression under reduced N mirrored the pattern observed under standard N, with the exception of 76A-treated plants in which the expression of this gene was similar to control plants and 2.44-fold higher than in T22-treated plants (Figure 8A).



The ABA 8′Hydroxylase (ABAH8) is the first committed step of ABA catabolism. In high N, plants inoculated with T22 and 76A had higher levels of expression over controls in the well-watered conditions (Figure 8B). Under severe water stress, no significant changes were observed for T22, whereas a 2-fold increase and 2-fold decrease were observed for control and 76A-treated plants, respectively. In low N conditions, the expression pattern of ABAH8 was very similar among treatments with a moderate down-regulation in 76A-treated plants in which, under severe water stress ABAH8 expression was halved compared to control plants. The effect on nitrogen uptake was also evaluated. The expression level was verified for genes involved in nitrate assimilation, NR (nitrate reductase) and NiR (nitrite reductase) and nitrate uptake (NRT2.1). When plants were grown under optimal N, both microorganisms induced an 8-fold increase of plant NR expression under optimal irrigation regimes. Under the same N conditions, a 2-fold downregulation of NR expression in response to water stress was observed in both T22 and 76A-treated plants (Figure 8C). Nitrogen starvation induced NR expression only in T22-treated plants under regular irrigation (2-fold increase vs. control) and induced a 2- to 3-fold downregulation under severe stress in T22 and 76A, respectively. NiR expression was similar among biostimulant treatments in plants grown under optimal N and water supply and it was equally and moderately downregulated in response to water shortage (Figure 8D). In contrast, in response to N starvation, NiR expression was downregulated in 76A at optimal water regime (2-fold vs. control) and upregulated in both T22 and 76A under water limitation (5-fold and 6-fold vs. control plants, respectively) (Figure 8D). With standard fertilization, NRT2.1 gene expression was moderately induced under optimal watering and it was generally downregulated in plants subjected to severe stress. Under reduced N, in 76A-treated plants the expression level of NRT2.1 was halved compared to the control plants with no change vs. control in T22 (Figure 8E). Remarkably, severe stress downregulated NRT2.1 expression by 3-fold in control plants while upregulated it significantly in both T22 and 76A-treated plants, with a 16-fold increase in the latter vs. control plants (Figure 8E).




3.5. Proline Content


Proline has been identified as a key metabolite involved in drought stress responses, particularly in cereal crops. We analyzed proline content in controls (100% water) and under severe drought stress (25% water) (Figure 9).



Under standard N fertilization, plants grown in well-water conditions did not show changes in proline content with respect to biostimulant treatments. However, upon imposition of severe water stress, control and 76A-treated plants increased their proline content (2.4- and 4-fold increase, respectively). In contrast, at low N, severe water stress resulted in elevated levels of proline only in untreated controls and T22 inoculated plants (Figure 9).





4. Discussion


4.1. T. harzianum Enhances Yield and Biomass Production under Reduced Water and Nitrogen Availability


The field of plant biostimulants is rapidly expanding because experimental evidence indicates that these products may sustainably improve plant yield and their performance under both biotic and abiotic stresses [60,61]. The use of plant growth-promoting microbes (PGPM), including microbial individuals and consortia, their bioactive compounds and multi-component mixtures are becoming effective components of many plant biostimulant products used as general growth enhancers and/or specific stress protectants [12,62,63]. Recent studies demonstrate the potential of microbial consortia with biostimulant action in agriculture [64,65,66]. Profiling the functional properties of single components of the consortia is an essential step for designing products with effective properties under specific cultural conditions, such as reduced agricultural inputs. Previous reports have highlighted the potential functional complementarity of Trichoderma and Azotobacter as a PGP consortium [62]. In this work, we tested whether T. harzianum strain T22 and A. chroococcum strain 76A could improve wheat performance under reduced water and nitrogen availability, a critical scenario anticipated by global warming and increasing production costs [67]. A gradual decline for all measured biometric and physiological parameters was observed at reduced water and nitrogen availability, confirming that the experimental conditions of the pot experiment well reproduced what is normally observed for wheat in the field (Table S2; Figure 4 and Figure 5). Under full irrigation regime T22 enhanced shoot dry weight and spike fresh weight and revealed a significant stress protection with respect to dry weight, spike fresh weight and stems number at moderate stress with a general increase vs. control plant (Figure 1 and Figure 2). Beneficial effects of T22 were found also with respect to N availability mostly on shoots which increase in terms of both fresh and dry weight (Figure 1, Figure 2 and Figure 3). Despite the inverse relationship between water availability and fungal growth, T22 was effective in terms of biostimulant activity. It has been reported, that hypoxia and/or transitory anoxia may induce the production of secondary metabolites in Trichoderma, which may have various and often unknown interactions with the plant [68]. Trichoderma spp. produce over 250 metabolites including peptides, secondary metabolites and other proteins that may enhance plant growth and development via signaling function [30,32,33,69]. Beneficial effects of Trichoderma in response to environmental stresses have been reported [70,71,72]. Inoculation of wheat plants with T. reesei helped wheat plants to overcome salt stress. Although it is not clear how the protective action of T. reesei under salt stress occurred, the presence of lower ABA levels, higher stomatal conductance and concentrations of IAA and GA in T. reesei inoculated plants vs. control were consistent with a reduced perception of stress in the former [73]. Trichoderma colonization has been shown to determine drought stress protection in tender wheat [74].



Plant treated with 76A did not show any protective action of this PGPM vs. water and/or N deficiency (Figure 1, Figure 2 and Figure 3). However, analysis of the triple interaction between treatment, water and nitrogen regime (TxWxN) with respect to shoot fresh weight, while confirming that T22 enhanced shoot growth at full irrigation regimes and moderate stress (50%), also revealed that 76A inoculated plants responded slightly better than T22-treated plants at severe water stress, under both standard and reduced N regime (Figure 3). These results may indicate that combination of T. harzianum T22 (effective at 50% optimal water) and A. chroococcum 76A (effective at 25% optimal water) may cover, as stress protectants, a broader spectrum of water stress conditions compared to single treatments.




4.2. Photosynthetic Functionality, Water Relation and Ion Partitioning Are Critical Components of T. harzianum T22 vs. A. chroococcum 76A Mediated Stress Protection


Stomatal conductance and net photosynthetic rate were in general higher in T22 vs. control plants (Figure 4 and Figure 5). Similarly, the response of 76A in terms of shoot fresh weight was confirmed by the photosynthetic rate which was also higher than control plants. At extreme soil dehydration, 76A had the highest water potential under severe water stress (Figure 4A). This result is consistent with higher proline accumulation in these plants vs. both control and T22-treated plants under standard N regime (Figure 9). Proline accumulation has multiple roles in plants exposed to abiotic stresses [75]. Among these, proline may act as an indicator of the perceived stress [76] or a modulator of adaptation [77]. With Trichoderma, for instance, both high [41] and low [73] levels of proline have been associated to stress adaptation. For 76A-inoculated plants, the activation of stress related signals such as proline accumulation improved the plant hydration level (Figure 4A and Figure 9), yet it was not sufficient to ameliorate plants performance under reduced water and nitrogen regimes (Figure 1, Figure 2 and Figure 3). With respect to ion accumulation and partitioning within plant organs, both treatments (T22 and 76A) had a remarkable effect on NH4+ and NO3− accumulation patterns (Figure 6A and Figure 7A). An increase of ammonium was observed in leaves of plants grown with N and at the lowest irrigation regime (25%). In the absence of N, 76A-treated plants had higher levels of ammonium at reduced water availability (50%). These results indicate that A. chroococcum 76A is able to improve the absorption of ammonium in plants subjected to abiotic stress especially under water shortage conditions [43,54]. A similar increase was observed for nitrate in 76A-treated plants at the lowest irrigation level (25%) with and without nitrogen fertilization (Figure 6E and Figure 7E). This could be due to a higher biological nitrification activity favored by soil aeration and by a good supply of ammonium synthesized by A. chroococcum 76A [78,79]. The higher accumulation of phosphate in 76A inoculated plants in the absence of nitrogen and reduced irrigation (50%) could be attributed to enhanced mobilization of this ion and/or 76A activation of root phosphate transporters [80,81]. In roots, ammonium and nitrate accumulation in 76A inoculated plants was observed only at the lowest irrigation regime in the absence of nitrogen or under optimal conditions (100% water and with N fertilization), whereas the positive effect of T22 on ammonium and nitrate accumulation was significant in most treatments. Increased nitrogen use efficiency (NUE) is one of the main goals of modern wheat breeding [82], which is pivotal to increase wheat crop sustainability while maintaining high yield [83]. The effect of 76A on leaves ion accumulation was confirmed also for NO3− for which, again, most interesting differences vs. both control and T22-treated plants were found under severe water stress (Figure 6E). Identifying optimal conditions to enhance the biofunctional properties of microbial biostimulants is essential to design effective combinations for different crop species under diverse cultural conditions. The effect of Trichoderma was unequivocal in the absence of stress and under moderate stress; however, 76A demonstrated some potential in terms of ions mobilization and protection vs. severe drought. Although the cause effect relationship of compatible solutes and stress adaptation is still under debate [84,85], higher production of proline in 76A-inoculated plants was likely functionally associated with higher leaf water potential measured in these plants (Figure 9) [86,87]. Nevertheless, such adaptation response was not sufficient to improve plant performance under severe water stress (Figure 4 and Figure 5). The responses of T22 and 76A-treated plants under moderate and severe water stress, on one side are consistent with the coexistence of multiple mechanisms for stress adaptation in plants which can be triggered by different biostimulants; on the other side, the observed responses could represent a biofunctional basis to be further explored to design synergistic/complementary combinations.




4.3. Molecular Basis of Wheat-Microorganisms Interactions in Response to Water and Nitrogen Limitations


Our results indicate that both T22 and 76A demonstrate a potential as biostimulants under reduced nitrogen and water availability. Clearly, each microorganism and its beneficial relationship with the plant is dependent on several environmental and agricultural factors and associated molecular responses. Under low N and water availability, plants inoculated with 76A had high expression levels of the nitrate uptake transporter NRT2.1. This has been previously observed in wheat as an indicator of nitrogen starvation [88]. However, nitrate content in these plants was significantly higher compared to other treatments while expression of nitrate reductase, the first committed step in nitrate assimilation, was severely downregulated. The high expression of nitrate uptake genes combined with high nitrate content and down regulation of nitrate assimilation indicates that 76A has a direct effect on plant growth under severe water stress. Possibly, 76A is affecting plant nitrate uptake and assimilation through hormonal signaling. It has been shown that strains belonging to Azotobacter genus are capable of synthesizing plant hormones affecting growth and metabolism of plants [89]. While 76A did not significantly increase yield under water stress when N was sufficient, it increased yield under well-watered conditions. We have previously observed a beneficial effect in tomato yield with 76A inoculation under standard fertilization regime, but attenuated under very high N [43]. On the contrary, in the present work, we observed that low N conferred a yield penalty in wheat. This could be due to very different N requirements between the two species or to the fact that 76A strain requires an optimal range of N to be of benefit to the plant.



T. harzianum T22 conferred both a growth and yield increase in well-watered conditions with abundant N. Expression of nitrate assimilation genes in these conditions reflects in well-watered conditions regardless of N availability in the soil. However, in low N control conditions, inoculation with T22 increased only growth and had no significant effects on yield. In both N conditions, T22 increased growth and yield in presence of moderate water stress. Under severe water stress T22 generally did not confer any enhancement to growth or yield. It appears that the beneficial relationship between T22 and the plant is inhibited when the soil matrix is very dry. The LEA2 gene is a key regulator of drought stress responses and was highly expressed in T22 inoculated plants under severe water stress.



Evidence for plant growth promotion is present in the literature for biostimulants and has become a topic of interest for sustainable crop systems. While commercial biostimulant products abound in the market today, their modes of action still remain somewhat unclear. Additionally, these products are often tested under optimal conditions and their performance under stress conditions has only been marginally addressed [12]. Use of microorganisms, such as 76A and T22, as biostimulants is promising, but, in order to successfully implement it in the field, we need to better understand how they affect plants under different stress conditions. Here, we have demonstrated that soil N availability plays a major role in growth, yield and stress tolerance in conjunction with these microbes. There is no “magic bullet” when it comes to biostimulants, but these findings can be utilized to adapt and modify strategies for sustainable systems that can reduce inputs, while maintaining yield and increasing stress tolerance.
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Figure 1. Interaction between water stress regime (100%, 50%, 25%) and biostimulant treatment (C, T22 and 76A) for main biometric and growth characteristics: (A) Shoot dry weight (DW); (B) Number of stems per plant; (C) Spikes fresh weight (FW); (D) Roots DW. Values are means ± SE of the interaction water regime x treatment. Different letters indicate significant differences between means at p < 0.05 according to Duncan’s multiple comparison post-hoc test. 
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Figure 2. Interaction between nitrogen levels (Nitrogen, No nitrogen) and biostimulant treatment (C, T22 and 76A) for main biometric and growth characteristics: (A) Shoot dry weight (DW); (B) Roots DW. Values are means ± SE of the interaction nutrient regime x treatment, different letters indicate significant differences between means at p < 0.05 according to Duncan’s multiple comparison post-hoc test. 
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Figure 3. Shoots fresh weight of wheat treated with biostimulants (C, T22 and 76A), grown at different water stress regimes (100%, 50%, 25%) with and without N fertilization. Values are means ± SE, different letters indicate significant differences between means at p < 0.05 according to Duncan’s multiple comparison post-hoc test. 






Figure 3. Shoots fresh weight of wheat treated with biostimulants (C, T22 and 76A), grown at different water stress regimes (100%, 50%, 25%) with and without N fertilization. Values are means ± SE, different letters indicate significant differences between means at p < 0.05 according to Duncan’s multiple comparison post-hoc test.



[image: Agronomy 11 00380 g003]







[image: Agronomy 11 00380 g004 550] 





Figure 4. Plant physiological parameters of wheat treated with biostimulants (C, T22 and 76A), grown at different water stress regimes (100%, 50%, 25%) with and without N fertilization. (A) Leaf water potential; (B) Net photosynthesis. Values are means ± SE of the interaction water regime x treatment, different letters indicate significant differences between means. 
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Figure 5. Stomatal conductance of wheat treated with biostimulants (C, T22 and 76A), grown at different water stress regimes (100%, 50%, 25%) with and without N fertilization. Values are means ± SE, different letters indicate significant differences between means at p < 0.05 according to Duncan’s multiple comparison post-hoc test. 
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Figure 6. Leaves ionic profile of wheat treated with biostimulants (C, T22 and 76A), grown at different water stress regimes (100%, 50%, 25%) with and without N fertilization. (A) Ammonium leaf concentration; (B) Potassium leaf concentration; (C) Magnesium leaf concentration; (D) Calcium leaf concentration; (E) Nitrate leaf concentration; (F) Phosphate leaf concentration (d.m. = dry matter). Values are means ± SE, different letters indicate significant differences between means at p < 0.05 according to Duncan’s multiple comparison post-hoc test. 
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Figure 7. Roots ionic profile of wheat treated with biostimulants (C, T22 and 76A), grown at different water stress regimes (100%, 50%, 25%) with and without N fertilization. (A) Ammonium root concentration; (B) Potassium root concentration; (C) Magnesium root concentration; (D) Calcium root concentration; (E) Nitrate root concentration; (F) Phosphate root concentration (d.m. = dry matter). Values are means ± SE, different letters indicate significant differences between means at p < 0.05 according to Duncan’s multiple comparison post-hoc test (ns = not significant). 
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Figure 8. Analysis by qRT-PCR of genes involved in stress response or nitrogen assimilation and transport in wheat leaves collected from plants treated with biostimulants (C, T22 and 76A). The relative quantity of target gene transcripts was calculated using the comparative cycle threshold method and data were normalized to one in control plants without fertilization. (A) Late Embriogenesis Abundant 2 (LEA2); (B) ABA 8′Hydroxylase (ABA8H); (C) Nitrate reductase (NR); (D) Nitrite reductase (NiR); (E) Nitrate transporter 2.1 (NRT2.1). Data are the mean ± SE of three technical replicates. 26S was used as endogenous control. The white bars represent samples without fertilization and the black ones represent fertilized samples and the percentages indicate the water treatment. 
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Figure 9. Leaf proline content in wheat treated with biostimulants (C, T22 and 76A), grown at different water stress regimes (100%, 25%) with and without N fertilization. Values are the mean of technical duplicate for each sample ± SE (n = 3). Different letters indicate significant differences between means at p < 0.05 according to Duncan’s multiple comparison post-hoc test. 
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