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Abstract

:

Salinity is a type of abiotic stress that negatively affects plant growth and development. Textile hemp (Cannabis sativa L.) is an important multi-purpose crop that shows sensitivity to salt stress in a genotype- and developmental stage-dependent manner. The root and shoot biomasses decrease in the presence of NaCl during vegetative growth and several stress-responsive genes are activated. Finding environmentally friendly ways to increase plant health and resilience to exogenous stresses is important for a sustainable agriculture. In this context, the use of beneficial bacteria, collectively referred to as plant growth-promoting bacteria (PGPB), is becoming an attractive and emergent agricultural strategy. In this study, data are provided on the effects of a Pseudomonas isolate (Pseudomonas sp. SVB-B33) phylogenetically closely related to P. psychrotolerans applied via roots to salt-stressed hemp. The application of both living and dead bacteria impacts the fresh weight of the root biomass, as well as the expression of several stress-related genes in roots and leaves. These results pave the way to future investigations on the use of Pseudomonas sp. SVB-B33 in combination with silica to mitigate stress symptoms and increase the resilience to other forms of exogenous stresses in textile hemp.
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1. Introduction


The productivity of crops depends on several parameters, both endogenous, such as genotype [1,2], photosynthetic efficiency [3,4], levels of phytohormones [5] and exogenous, namely environmental cues (salinity, heavy metal pollution, temperature, drought, etc.) [6]. Salinity is an abiotic stress that is particularly alarming in coastal areas where the sea level rise caused by global warming leads to seawater intrusion with consequent salinization of the groundwater used for irrigation [7].



The multi-purpose fibre crop hemp (Cannabis sativa L.) is sensitive to salt stress, especially during germination [8]. In the presence of NaCl 200 mM, its leaves show growth arrest due to the increase in lignification and its vascular system is characterized by smaller xylem vessels to limit the incidence of cavitation [9]. The negative effects of salinity in hemp were shown to be ameliorated by the addition of protein hydrolysate [10] and silicon [11]: the former improves seed yield, the average weight and height of stems, as well as photosynthetic activity thanks to its auxin-like effect, while the metalloid, which precipitates in the cell wall and encrusts structures such as trichomes [12], induces the occurrence of xylem vessels with wider lumens in older fan leaves. More recently, the protective effect of a nano-biostimulant composed of hybrid silicon nanoparticles functionalized with quercetin was validated at the phenotypic and gene level in textile hemp leaves exposed to salinity [13].



The use of beneficial bacteria, also known as plant growth-promoting bacteria (PGPB) as a strategy to improve growth and protect against exogenous stresses is gaining increasing attention in sustainable agriculture [14,15]. Their application as biostimulants was indeed shown to improve the growth of different plant species and to protect against the damages caused by (a)biotic stresses [16,17,18,19].



PGPB activate induced systemic resistance, ISR, in plants by favouring a physiological mechanism referred to as “priming” that allows them to respond faster and more effectively to an (a)biotic stressor [20]. ISR takes place via the recognition of microbial compounds (microbial-associated molecular patterns-MAMPs), namely lipopolysaccharides, flagellin, exopolysaccharides and chitin that bind to receptors. These will in turn phosphorylate downstream targets and activate a signalling cascade involving calcium, mitogen-activated protein kinases and oxidative burst [20].



In light of the sustainable nature of PGPB and the beneficial effects they have on the growth of crops, the present study was conceived with the aim of providing additional data on their impact on industrial hemp subjected to salt stress. The beneficial impact of a Pseudomonas strain (SVB-B33) isolated as airborne contamination of agar plates and phylogenetically closely related to the salt-tolerant, silica- and phosphate-solubilizing bacterium Pseudomonas psychrotolerans [21,22] was here assessed on a fibre variety of hemp (Santhica 27). The application of both dead (heat-inactivated) and living bacteria, together with the impact on root/leaf biomass and the expression of a set of target genes were investigated. Heat-inactivated bacteria were investigated in the light of published literature data showing priming effects of defence responses in plants treated with dead bacteria. Indeed, in the 1970s it had already been demonstrated that tobacco leaves infiltrated with heat-inactivated Ralstonia solanacearum showed hypersensitive response inhibition when inoculated with living cells [23]. More recently, heat-killed Agrobacterium tumefaciens cells were shown to suppress to some extent Pseudomonas syringae-triggered symptoms, as well as salicylic acid production [24]. The genes were chosen among cell wall- and stress-related ones, given the implication of the cell wall in the perception and response to exogenous abiotic stimuli [25] and their previously reported transcriptional changes in salt-stressed hemp tissues [9]. More specifically, genes involved in cell wall biosynthesis and lignification (cellulose synthases, fasciclin-like arabinogalactan proteins, laccases) were selected because salinity is an abiotic factor inducing tissue rigidification and growth arrest [9] and since the cell wall is remodelled upon exogenous stresses [26]. Known stress-responsive genes were chosen to provide an indication of stress mitigation by the application of PGPB at the molecular level.




2. Materials and Methods


2.1. Bacterial Isolation, Phylogenetic Analysis and Growth


Pseudomonas sp. (UoA: SVB-B33) was isolated as an airborne contamination of agar plates at the School of Biological Sciences, University of Auckland. It was identified based on its 16S rDNA sequence [27]. The bacterial strain was reactivated from glycerol stocks kept at −80 °C and maintained on nutrient agar (NA) medium (peptone, 5 g·L−1; yeast extract, 3 g·L−1; NaCl, 5 g·L−1; agar, 15 g·L−1; pH 6.8) at 25 °C.



PCRs to amplify the 16S sequence were performed using 2 µL of supernatant obtained after having resuspended a single colony of Pseudomonas sp. SVB-B33 in 25 µL sterile distilled H2O, having heated the suspension to 95 °C for 5 min and having spun it down with a microfuge. For the amplification step, the Q5 Hot Start High-Fidelity 2X Master Mix (New England Biolabs, Leiden, The Netherlands) was used, according to the manufacturer’s instructions. The following primer pairs were used for the 16S amplification: uni-Fwd TGCCAGCAGCCGCGGTA/uni-Rev GACGGGCGGTGTGTACAA [28]. The amplifications were carried out as follows: initial denaturation at 98 °C for 1 min, followed by 35 cycles of denaturation at 98 °C for 10 s, annealing at 58 °C for 1 min, extension at 72 °C for 1 min and a half and a final extension at 72 °C for 5 min with a hold step at 4 °C. The specificity of the PCR products was verified with gel electrophoresis. PCR products were purified using the PCR purification kit from Qiagen (Qiagen, Leusden, The Netherlands) and sent out for sequencing. The 16S sequence was deposited in NCBI with the accession number GenBank: ON148530.



The phylogenetic analysis was constructed after having performed a pair-wise multiple alignment CLUSTAL-Ω (http://www.ebi.ac.uk/Tools/msa/clustalo/, accessed on 15 February 2022) [29]; the alignment was used to build a maximum likelihood phylogenetic tree using the online program W-IQ-TREE [30] (bootstraps in ultrafast mode: 1000; in auto mode, without selecting Free Rate Heterogeneity), available at http://iqtree.cibiv.univie.ac.at (accessed on 15 February 2022). The tree was subsequently visualized using iTOL (available at https://itol.embl.de/, accessed on 15 February 2022).



For the plant growth treatment, Pseudomonas sp. SVB-B33 was cultured in soil extract broth (DSMZ Medium 12 [31]) supplemented with dextrose (1% w/v) at 25 °C for 72 h under continuous agitation at 200 rpm. The resulting bacterial culture was then diluted with sterile soil extract without dextrose to reach approximately 106 colony forming units per mL. In order to determine if any observed effect of bacterial treatment was due to the metabolic activity of bacterial cells rather than their cell wall- or membrane-derived products, products derived from (macro)molecules’ degradation, autoclaved Pseudomonas sp. SVB-B33 culture in soil extract dextrose broth at the same dilution of living cultures was used.




2.2. Silicate Solubilizing Assay


The ability of Pseudomonas sp. SVB-B33 to solubilize silicate minerals was tested in NA plates supplemented with talc (hydrate magnesium silicate) at 0.25% (w/v). The bacterial culture was streaked on the agar media and incubated at 25 °C for 1 week. The clearing zone was then measured [32].




2.3. Plant Growth and Treatments


Plants of C. sativa Santhica 27 were grown as previously detailed [33]. Briefly, seeds were sown in pots containing a mixture of compost/sand (1:1 w/w) and grown under controlled conditions in chambers (Fitotron, Weiss Technik, Reiskirchen, Germany) with 60% humidity and a 16 h light 25 °C/8 h dark 20 °C cycle. When the plantlets were 2 weeks old, the application of 100 mL of freshly diluted dead/living bacteria was started by root amendment (watering in proximity of the soil close to the roots). After 1 week, control plants were watered with 50 mL of tap water, while the others were watered with 50 mL of NaCl 250 mM, as previously described [9,11]. NaCl 250 mM was applied twice a week with a bacterial application in between. The treatment lasted 4 weeks. Three days after the last application of salt, plants were sampled. Three biological replicates (n = 3) composed of a pool of 2 plants each were sampled per treatment, with the exception of non-inoculated plants subjected to stress, for which 1 of the 3 biological replicates consisted only of 1 plant (1 plant died before the day of sampling). The older leaves were harvested (2 leaves per plant) and weighed to determine the fresh weight (FW); they were then put in an oven at 37 °C for 72 h until constant weight to measure the dry weight (DW). Younger leaves (2 fully expanded leaves below the apex) were instead harvested and plunged in liquid nitrogen for gene expression analysis. The roots were sampled, weighed and a portion was snap frozen in liquid nitrogen for subsequent qPCR analysis. The rest of the roots was dried to determine the DW. A schematic representation of the experimental set-up and sampling strategy is shown in Figure 1. The soil was collected from the pots, homogenized and dried at 105 °C for 3 days. Five grams were put in a tube and 25 mL of Milli-Q water (Merck, Kenilworth, NJ, USA) was added. The samples were shaken on a rolling table for one hour at room temperature. The soil electrical conductivity (ECe) and pH were measured with an inoLab Multi 9430 IDS (WTW, Weilheim, Germany), as previously described [9].




2.4. RNA Extraction, cDNA Synthesis, qPCR and Statistical Analyses


Leaf and root samples were ground to a fine powder with a mortar and pestle using liquid nitrogen and they were subsequently processed for RNA extraction using the RNeasy Mini Kit (Qiagen, Leusden, The Netherlands). An on-column DNase I treatment (Qiagen) was carried out to avoid DNA carry-over. RNA was eluted using RNase-free water and the concentrations were measured with a NanoPhotometer NP80 (Implen, Munich, Germany). The RNA Integrity Number (RIN) was evaluated by capillary gel electrophoresis with a 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA) according to the manufacturer’s instructions, using the RNA 6000 nano chip (Agilent). RNA (1 µg) was retro-transcribed and the cDNA was brought to a concentration of 2 ng/µL. Targeted gene expression analyses were performed with the Takyon Low ROX SYBR Green (Eurogentec, Liege, Belgium) in 384 wells reaction plates, as previously reported [11]. Plates were prepared with the aid of an automated dispensing device (epMotion 5073x, Eppendorf, Hambourg, Germany), with 3 technical replicates for each sample. A melt–curve analysis was performed at the end of the amplification to check for a single peak indicating specific amplification. The primers were chosen from published studies and their characteristics were previously reported [9,33,34]. Gene expression was calculated in qBasePLUS (Biogazelle, Ghent, Belgium) [35] with the geNORM tool. Two reference genes were used for data normalization (CDPK and eTIF4E) in roots and three (CDPK, F-box and eTIF4E) in leaves among the four tested (CDPK, eTIF4E, F-box and TIP41 [36]). The log2-transformed normalized relative quantities (NRQs) were used to perform the statistical analyses with IBM SPSS Statistics v20 (IBM SPSS, Chicago, IL, USA). Normality and homogeneity of all the data were checked using a Shapiro–Wilk and Levene’s test, respectively. A one-way ANOVA with a Tukey’s post hoc test was used when parametric tests could be applied, while a Kruskal–Wallis with Dunn’s post hoc test was used for non-normal and/or non-homogeneous data. The principal component analysis (PCA) of the gene expression values was determined with ClustVis [37] (available at https://biit.cs.ut.ee/clustvis/, accessed on 15 March 2022).





3. Results


3.1. Phylogenetic Analysis and Silicate Solubilizing Activity


The isolate Pseudomonas sp. SVB-B33 was analysed using the 16S sequence (100% sequence identity with P. psychrotolerans was obtained based on BLASTn) and the phylogenetic analysis confirmed this result (Figure 2a). P. psychrotolerans has been reported previously as able to solubilize silicate-containing minerals [21] and this ability was checked in the isolate SVB-B33 using nutrient medium supplemented with talc (Figure 2b). Pseudomonas sp. SVB-B33 grew well in the presence of talc and was able to solubilize this silicate effectively, presenting a solubilization clearing zone of 16.2 ± 1.8 mm (n = 3). The halo indicates the ability of the isolate to solubilize crystalline silica and is a proof of its silica bioweathering activity. The Pseudomonas strain here studied is thus a bona fide P. psychrotolerans strain but will be hereafter referred to as Pseudomonas sp. SVB-B33.




3.2. The Application of Living Bacteria to Hemp Increases the Root Biomass under Salinity


In this study, both the application of dead (heat-inactivated) and living bacteria was investigated. In the leaves, the differences in FW recorded among control or salt-stressed samples when comparing the addition of living/dead bacteria to no bacteria are not statistically significant (Figure 3a). However, the DW is significantly higher than the condition without bacteria in the presence of stress, when living bacteria are applied (Figure 3c).



In the roots, instead, statistically significant differences are present (Figure 3b,d). While salt provokes a dramatic decrease in the FW and DW under non-inoculated conditions, the application of bacteria mitigates this difference with values that are non-significant in roots treated with living bacteria. When looking at the FW and DW values in roots under salt stress, a statistically significant increase is present in the samples inoculated with living bacteria as compared to non-inoculated ones. It should also be noted that, in the absence of stress, lower FW and DW values are observed in roots inoculated with bacteria, as compared to non-inoculated ones.



The soil pH and electrical conductivity (ECe) were also measured as previously reported [9] (Table 1). No major changes are present in pH when comparing the different treatments under either control or stress conditions. A difference in conductivity is observed, as expected, when comparing non-stressed and stressed conditions, but no statistically significant variations in ECe are present when comparing the soils amended or not with bacteria under a same condition, i.e., control or salt stress.



Salt stress induces a significant decrease in the length of the roots; it should also be noted that the inoculation with bacteria induces the presence of shorter roots (Supplementary Figures S1 and S2).



The stem length of plants treated with living PGPB was significantly lower under control conditions and higher with dead bacteria; under stress, the height decreased significantly in plants that were not inoculated with PGPB, as well as in those treated with dead bacteria, while the values did not change when living bacteria were supplemented to hemp plants (Supplementary Figure S3).




3.3. The Inoculation with Pseudomonas sp. SVB-B33 Affects Gene Expression in Hemp Roots and Leaves


A targeted gene expression analysis on transcripts involved in stress response and cell wall biosynthesis was performed on roots and leaves treated or not with the bacteria under control and stress conditions. A principal component analysis (PCA) was performed to visualize how well-separated the treatments with/without PGPB were. The PCA of the gene expressions in hemp roots under control conditions shows a clear separation of the replicates into three distinct groups (non-inoculated roots—CNTR, roots inoculated with living bacteria—LIVING and dead bacteria—DEAD) (Figure 4a). Under stress conditions, the three replicates corresponding to the roots inoculated with the living bacteria are more scattered, but the three groups are still well recognizable (Figure 4b). In the leaves under control conditions, the samples inoculated with dead bacteria and non-inoculated ones cluster separately (Figure 4c), while the three replicates corresponding to the leaves treated with living bacteria are scattered. Under stress, a clear separation between the samples inoculated with living bacteria and non-inoculated ones are well separated (Figure 4d).



Known stress-responsive genes [9] were analysed in this study and, among them, the transcripts coding for the calcium-dependent lipid-binding family proteins CALB4-1, CALB4-2, CALB4-3 and for the heat-shock protein HSP70-2 and HSP81-4 show a statistically significant difference when comparing non-inoculated roots vs. roots treated with living bacteria in the absence of stress (Figure 5a). The expressions are indeed higher in the inoculated roots, with the exception of HSP70-2 for which a higher expression is observed in non-inoculated samples. It should be noted that, for HSP70-2, a statistically significant higher expression is present in roots inoculated with living bacteria than roots treated with dead cells. Under salt stress, no significant differences are observed when comparing non-inoculated roots and roots treated with living bacteria, although a trend denoting lower values can be observed for ERF1, HSP70-2 and HSP81-4, while higher expressions are present for CALB2, CALB4-1 and CALB4-2. Statistically significant differences are instead present for CALB4-3, HSP70-2 and HSP81-4 when comparing roots inoculated with dead bacteria and non-inoculated roots under salt stress.



In the leaves, higher expression values are observed in the absence of stress for CALB2 and CALB4-1 after inoculation with dead and living cells (Figure 5b). Under stress, CALB4-2 shows a statistically significant higher expression in leaves treated with dead bacteria (Figure 5b).



In addition to stress-related genes, transcripts involved in cell wall biosynthesis were also investigated. The genes chosen code for cellulose synthases (CESAs), fasciclin-like arabinogalactan proteins (FLAs) and laccases (LACs). The reason for focusing on these transcripts is to assess the impact of bacterial inoculation on cell wall-related processes and because these genes are known to respond to salinity in hemp tissues [11].



Although trends in gene expression can be observed for the roots (e.g., lower values for the secondary cell wall CesA7 and CesA8, FLA18 and the laccases), the values are not statistically significant. FLA24 shows significant differences, with a higher expression in the absence of stress in roots treated with living bacteria as compared to dead PGPB and lower expression under salinity in roots treated with dead or living bacteria as compared to samples receiving no PGPB (Figure 5a).



In the leaves, no statistically significant changes are observed in cell wall-related genes (Figure 5b).





4. Discussion


The management of stresses in economically relevant plants by means of eco-friendly approaches is important as a long-term and cost-effective agricultural strategy facing climate change [38]. The use of PGPB has shown beneficial effects in different crops under several (a)biotic stress conditions and has thus emerged as a valuable practice for a sustainable agriculture.



In this study, the impact of the inoculation with both living and dead cells of a Pseudomonas isolate (SVB-B33) was assessed by adopting a gene expression approach focused on key stress- and cell wall-related transcripts known to respond to salinity in textile hemp. The isolate here studied is a bona fide P. psychrotolerans strain based on the phylogenetic analysis (Figure 2a) and on the silica solubilizing activity, as denoted by the agar-based medium assay (Figure 2b). It is known that the production of organic acids is a common method for minerals’ solubilization and it will be relevant to identify the organic acids produced by this isolate during silica solubilization to identify which ones are the most abundant. The protective effects of P. psychrotolerans were previously demonstrated in salt-stressed maize and soybean grown on paddy soils: it reduced the level of the phytohormones abscisic and jasmonic acid in stressed maize plants [22] and it also reduced the endogenous levels of salicylic acid in soybean plants while increasing their shoot height and weight, as well as the chlorophyll content [21]. Hence, the isolate here investigated has potential for use in crop protection.



Textile hemp is a multi-purpose crop providing fibres, as well as added-value phytochemicals [39] and is thus a relevant renewable resource for bioeconomy. It was chosen as model organism to study the effects of the Pseudomonas isolate SVB-B33 inoculation on the response to salinity, a form of abiotic stress previously shown to impact the growth of C. sativa [9,11,13].



Only a handful of reports have studied the use of PGPB in hemp cultivation: a consortium of Gluconacetobacter diazotrophicus, Herbaspirillum seropedicae and Burkholderia ambifaria effectively protected hemp against Fusarium wilt both during pre- and post-emergence [40] and the same consortium, together with Azospirillum brasilense, also contributed to boosting the antioxidant activity and synthesis of secondary metabolites (delta-9-tetrahydrocannabinol, cannabinol and cannabidiol) [41]. Common PGPB associated with both wild and cultivated plants, such as Pseudomonas and Bacillus [42], as well as Cannabis endophytes [43] harbour great potential as beneficial bioinoculants for the protection and improvement of hemp growth.



The present study is novel for three reasons: (1) it provides evidence for an impact at the gene level in hemp of both living and dead Pseudomonas sp. SVB-B33, (2) it opens up future investigations on the molecular impact of the inoculation with dead cells and (3) it provides evidence on the synergistic effects based on the combined application of living bacteria and silica. Concerning future analyses, it will be worthwhile studying the effects over a longer time, as well as of increasing doses (more frequent applications). The experiments here reported were performed on non-sterile soil, which means that a microbiome was already present. Therefore, it will be relevant to also study the effects of the PGPB on sterile soil.



The results obtained show clear and significant effects at the root level under stress (Figure 3b,d): a statistically significant higher biomass is indeed observed in stressed plants treated with living bacteria as compared to non-inoculated ones, a result suggesting that the bacteria positively alter the root traits of hemp in saline soils. Further studies are needed to decipher the pathways affected at the root level; however, from the data collected, it is evident that, under salinity, living bacteria help in the preservation of the root architecture. P. psychrotolerans CS51 induced the production of endogenous indole-3-acetic acid and gibberellins in cucumber under heavy metal stress and the genome sequencing revealed the presence of genes responsible for auxin biosynthesis, nitrogen metabolism, phosphate and sulphate transport system [44]. Hormonomics in hemp tissues will reveal changes in the levels of endogenous phytohormones upon inoculation with the PGPB.



The inoculation with both dead and living bacteria triggers a reduced length of the roots under control conditions (Supplementary Figures S1 and S2) and an increased height under salinity with dead bacteria (Supplementary Figure S3); these results were unexpected for the dead bacteria, but not totally surprising considering that heat-killed Bacillus aryabhattai was shown to exert an action in thale cress and tobacco via the activation of salicylic and jasmonic acid pathways [45]. The inoculation of lettuce plants with cytokinin-producing bacteria resulted in shortened roots [46]; hence, it will be of interest in the future to monitor the levels of cytokinins in hemp plants inoculated with dead Pseudomonas sp. SVB-B33. Heat-inactivation results in the release of components such as lipoteichoic acids, exopolysaccharides, peptidoglycans and the use of the so-called “para-probiotics” or “ghost probiotics” (derived from non-viable cells) in modulating the immune response and positively affecting human health has been evaluated in comparison to viable cells from the point of view of safety risks and shelf-life [47]. Considering these aspects, it will be worthwhile assessing the impact of “ghost microbial biostimulants” in hemp stress protection by characterizing the components present in the heat-inactivated Pseudomonas sp. SVB-B33.



The gene expression analysis confirms an effect of dead cells on hemp roots and leaves: dead bacteria decrease the expression of the stress-responsive gene HSP70-2 under control and salt-stress conditions (Figure 5a), while all the CALB genes show higher expression in the leaves of plants inoculated with heat-inactivated cells (Figure 5b). The lower expression of HSPs in roots inoculated with dead and living PGPB could indicate a protective effect with a resulting lower induction of stress-related genes.



The expression of CALB2, CALB4-1 and CALB4-2 in salt-stressed hemp tends to be higher in roots inoculated with living bacteria (Figure 5a) and this result is in agreement with a previous study in tomato, which reported two CALBs among the up-regulated genes in drought-stressed plants inoculated with Bacillus megaterium strain TG1-E1 [48]. CALBs are involved in Ca2+ signalling and in the transduction pathway controlling stress response and the tendency towards an increased expression under salinity in roots treated with living Pseudomonas sp. SVB-B33 suggests the activation of Ca2+-dependent processes. Living PGPB seem to be necessary to induce the expression of the CALB genes in roots under salinity, since the application of dead bacteria induces lower expression values in stressed roots (Figure 5a).



The cell wall of plants plays an important role in the response to exogenous stresses [25] and to evaluate the impact of the PGPB, genes involved in secondary cell wall biosynthesis (CesA4, CesA7 and CesA8), lignification (LAC11 and LAC17) and cell wall integrity (FLA18, FLA20 and FLA24) were investigated in roots and leaves (Figure 5). Salinity tends to decrease the expression of CesA7 and CesA8, as well as LAC11 and LAC17 in non-inoculated roots; however, trends towards higher expression values are observed in roots inoculated with either dead or living bacteria. These data suggest a preservation of the mechanisms underlying secondary cell wall biosynthesis and lignification under stress in inoculated roots. It should be noted that the adaptation to salinity in thale cress was found to be associated with cell wall reinforcement mediated by lignin deposition [49]. Pseudomonas sp. SVB-B33 may thus contribute to the preservation of the cell wall mechanical features in the roots of hemp subjected to salt stress. It will be of interest to study the effects of biostimulant formulations consisting of living Pseudomonas sp. SVB-B33 and insoluble silica on textile hemp exposed to stresses, as their combination may result in superior protective effects due to the presence of PGPB and silicic acid made available to plants by the silica-solubilizing activity of the microbial cells. A strengthening action of Pseudomonas sp. SVB-B33 on secondary cell wall of hemp roots is to be expected since previous studies reported the ability of C. sativa to take up silicon (Si, as silicic acid), deposit it as silica in the cell wall [12,50] and respond better to abiotic stresses in the presence of the metalloid [51,52].




5. Conclusions


In this study, the beneficial effects of Pseudomonas sp. SVB-B33 are reported, for the first time, in textile hemp exposed to salt stress. The data obtained indicate a protective effect of the living and heat-inactivated bacteria applied to plants via root amendment. Therefore, Pseudomonas sp. SVB-B33 can be used as a PGPB. In the presence of living bacteria and, to a lesser extent, heat-inactivated bacteria, both the fresh and dry root biomasses are higher under salinity. However, the protective effect of living and dead PGPB could be realized in different ways. Indeed, the gene expression analysis shows a statistically significant increase in the expression of some CALB genes in the absence of stress in the roots treated with living PGPB. The application of dead bacteria, instead, decreases the expression of CALB4-3, HSP70-2 and HSP81-4 in the inoculated roots exposed to salinity as compared to non-inoculated ones, while in the leaves it increases the expression of CALB2 and CALB4-1 in the absence of stress and of CALB4-2 under stress condition. These findings warrant further research into the MAMPs mediating these effects in heat-inactivated PGPB, since only few data points are available on the use of inactivated bacteria in crop protection. The use of inactivated PGPB in agriculture would simplify transport and storage and lengthen shelf-life as compared to living bacteria.



From the obtained results, however, differences in the use of living or heat-killed PGPB could be established. The application of living bacteria seems to be necessary to induce changes in the expression of genes involved in the Ca2+-dependent transduction pathway controlling stress response. Indeed, CALB4-1, CALB4-2 and CALB4-3 increase significantly in expression in roots supplemented with living PGPB in the absence of stress, while their abundances tend to decrease under salinity in roots supplemented with heat-inactivated PGPB. The decreased expression of CALB4-3 in roots treated with heat-killed PGPB is significant.



In salt-stressed roots, genes involved in secondary cell wall deposition and lignification tend to be expressed at higher levels after inoculation with living or dead cells. These findings suggest an impact of the PGPB in activating the response to the abiotic stimulus by acting on stress-responsive and cell wall-related genes. It will be interesting, in the future, to study the molecular basis of Pseudomonas sp. SVB-B33 impact on stress tolerance in hemp by adopting a transcriptomics approach coupled to proteomics and metabolomics. These results will help us understand the mechanisms triggering the effects here reported with dead and living cells. Likewise, it will be of relevance to investigate the impact of bacterial inoculation in hemp exposed to other forms of stressors and in the presence of silica, to understand whether the PGPB mediate an improved response by solubilizing silica and making silicic acid available to plants.
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Figure 1. Schematic representation of the experimental set-up and sampling strategy with details of the timing of the different steps. 
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Figure 2. Phylogenetic analysis of the isolate SVB-B33 based on 16S and silicase activity. (a) Maximum likelihood phylogenetic analysis of SVB-B33 based on 16S. The tree was rooted with Escherichia coli 16S. The accession numbers used to construct the tree are indicated. Bootstrap = 1000. The symbols refer to % of branch support value (the bigger the symbol, the higher the value). Only branch support values >80% are here shown. (b) Pseudomonas sp. SVB-B33 culture grown on nutrient agar supplemented with hydrate magnesium silicate (talc). 
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Figure 3. Fresh and dry weight (FW, DW) of leaves (a,c) and roots (b,d) in the absence and presence of stress in non-inoculated and inoculated roots. The error bars indicate the standard deviation (n = 3). Different letters on the bars indicate statistically significant values (p < 0.05). Statistical parameters: (a) F(5,12) = 9.725, p = 0.001, (b) F(5,12) = 22.036, p = 0.000, (c) F(5,12) = 13.234, p = 0.000, (d) F(5,12) = 33.544, p = 0.000. 






Figure 3. Fresh and dry weight (FW, DW) of leaves (a,c) and roots (b,d) in the absence and presence of stress in non-inoculated and inoculated roots. The error bars indicate the standard deviation (n = 3). Different letters on the bars indicate statistically significant values (p < 0.05). Statistical parameters: (a) F(5,12) = 9.725, p = 0.001, (b) F(5,12) = 22.036, p = 0.000, (c) F(5,12) = 13.234, p = 0.000, (d) F(5,12) = 33.544, p = 0.000.



[image: Horticulturae 08 00336 g003]







[image: Horticulturae 08 00336 g004 550] 





Figure 4. Principal component analysis (PCA) of the gene expression data in roots (top panels) and leaves (bottom panels) in the absence (a,c) and presence of salt stress (b,d). CNTR: non-stressed/stressed non-inoculated; LIVING: non-stressed/stressed inoculated with living bacteria; DEAD: non-stressed/stressed inoculated with dead bacteria. 
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Figure 5. Bar chart of the gene expression values (Normalized Relative quantities—NRQs) in roots (a) and leaves (b). Different letters indicate statistically significant values (p < 0.05). The statistical parameters can be found in Supplementary Table S1. 






Figure 5. Bar chart of the gene expression values (Normalized Relative quantities—NRQs) in roots (a) and leaves (b). Different letters indicate statistically significant values (p < 0.05). The statistical parameters can be found in Supplementary Table S1.



[image: Horticulturae 08 00336 g005]







[image: Table] 





Table 1. Electrical conductivity (ECe, measured in mS) and pH of soils in the absence and presence of salt and in non-inoculated and inoculated plants. Different letters indicate statistically significant values (p < 0.05). Statistical parameters: conductivity X2(5) = 14.520, p = 0.013, pH F(5,12) = 1.427, p = 0.283.






Table 1. Electrical conductivity (ECe, measured in mS) and pH of soils in the absence and presence of salt and in non-inoculated and inoculated plants. Different letters indicate statistically significant values (p < 0.05). Statistical parameters: conductivity X2(5) = 14.520, p = 0.013, pH F(5,12) = 1.427, p = 0.283.





	Conditions
	ECe (mS) ± SD
	pH ± SD





	No bacteria
	0.561 ± 0.05 a
	5.2 ± 0.04 a



	No bacteria + NaCl
	2.532 ± 0.15 b
	5.3 ± 0.01 a



	Living bacteria
	0.585 ± 0.09 a
	5.5 ± 0.06 a



	Living bacteria + NaCl
	2.631 ± 0.44 b
	5.2 ± 0.03 a



	Dead bacteria
	0.541 ± 0.04 a
	5.2 ± 0.04 a



	Dead bacteria + NaCl
	2.398 ± 0.29 b
	5.6 ± 0.02 a
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