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Abstract

:

Plant-growth-promoting bacteria (PGPB) are gaining attention as a sustainable alternative to current agrochemicals. This study evaluated the impact of three Bacillus spp. (5PB1, 1PB1, FV46) and one Brevibacillus sp. (C9F) on the important crop tomato (Solanum lycopersicum) using the model cv. ‘MicroTom’. The effects of these isolates were assessed on (a) seedlings’ growth and vigor, and (b) adult potted plants. In potted plants, several photosynthetic parameters (chlorophylls (a and b), carotenoids and anthocyanins contents, transpiration rate, stomatal conductance, net CO2 photosynthetic rate, and intercellular CO2 concentration, and on chlorophyll fluorescence yields of light- and dark-adapted leaves)), as well as soluble sugars and starch contents, were quantified. Additionally, the effects on redox status were evaluated. While the growth of seedlings was, overall, not influenced by the strains, some effects were observed on adult plants. The Bacillus safensis FV46 stimulated the content of pigments, compared to C9F. Bacillus zhangzhouensis 5PB1 increased starch levels and was positively correlated with some parameters of the photophosphorylation and the gas exchange phases. Interestingly, Bacillus megaterium 1PB1 decreased superoxide (O2−) content, and B. safensis FV46 promoted non-enzymatic antioxidant defenses, increasing total phenol content levels. These results, conducted on a model cultivar, support the theory that these isolates differently act on tomato plant physiology, and that their activity depends on the age of the plant, and may differently influence photosynthesis. It would now be interesting to analyze the influence of these bacteria using commercial cultivars.
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1. Introduction


Increasing global food demand has made agricultural practices extensively dependent on chemical fertilizers and pesticides. These agrochemicals are of extreme importance to food security, but contaminate the environment (e.g., water pollution and soil degradation), affecting entire ecosystems and human health [1,2]. The sustainability of food production became a priority, increasing the interest in new environmentally friendly tools to replace synthetic agrochemicals or, at least, reduce their impact [3]. One of the proposed alternatives to traditional agrochemicals is the use of plant-growth-promoting bacteria (PGPB) [4,5].



PGPB can improve plant growth and health in several ways. Direct benefits affect the plant metabolism, including the levels of phytohormone-like indole acetic acid (IAA) [6,7], and improve the availability of nutrients through, for example, the production of siderophores [8,9], nitrogen fixation [10,11], or phosphate solubilization [12,13]. Indirect benefits include protection against pathogens through the production of antibiotic compounds [14,15], direct competition for nutrients [9,16], or by inducing Systemic Resistance in plants [17]. PGPB can also increase plants’ tolerance to adverse environmental conditions (e.g., high salinity and drought), by regulating hormone-synthetic pathways; for example, by influencing the production of 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase [18], which reduces stress ethylene production [19].



PGPB-mediated changes in phytohormone levels, and improved nutrition, ultimately lead to metabolic changes. Several studies suggest that PGPB inoculation might benefit the photosynthetic metabolism in many plant species. Bacillus amyloliquefaciens and the mycorrhizal fungi Rhizophagus irregularis improved the photosynthetic efficiency of Cyrtostylis rotundifolia, Thymus serpyllum, Fragaria vesca, and Trifolium repens [20]. Another study in sugar beet plants (Beta vulgaris) showed that inoculation with strains of three PGPB species (Bacillus pumilus, Chryseobacterium indologene, and Acinetobacter johnsonii) increased dry weight and plant height, and stimulated the maximum efficiency (Fv/Fm) of Photosystem II (PSII), carbon assimilation, and chlorophyll content (Chl), which augmented carbohydrates’ synthesis [21].



PGPB may increase plants’ resilience and response to stressful conditions. Stefan et al. [22] showed that the inoculation of runner bean plants (Phaseolus coccineus) with two siderophores and IAA-producing PGPB strains augmented chlorophyll content and photosynthetic rates, and improved water-use efficiency compared to control plants. The inoculation of drought-stressed cucumber plants with a combination of three PGPB strains, Bacillus cereus AR156, B. subtilis SM21, and Serratia sp. XY21, increased the leaf chlorophylls contents compared to control plants, even under adverse water conditions [23]. The halotolerant PGPB-strain Curtobacterium albidum SRV4 increased Chl a and b and carotenoid contents in Oryza sativa plants grown under salt stress, compared to uninoculated control plants [24]. Furthermore, the inoculation of Pseudomonas aeruginosa and Burkholderia gladioli on cadmium-stressed tomato plants improved gas-exchange parameters such as net photosynthetic rate, stomatal conductance, intercellular CO2 concentration, and transpiration rate, compared to control plants. Besides that, an increase in the levels of the photosynthetic pigments, as well as an upregulation of carbohydrate content, were observed in PGPB-treated plants [25]. B. subtilis and P. fluorescens inoculation of radish plants stimulated plant growth, alone or in combination with saline stress, and stimulated Chl a, Chl b, Chl a/b ratio and carotenoids contents in leaves. Similarly, inoculation with a Bacillus sp. in lettuce plants under saline stress conditions increased Chl content, the photosynthetic rate, and stomatal conductance [26].



Tomato (S. lycopersicum) is one of the most important crops in the world, with more than 180 million tons of tomatoes being produced globally in 2018 (FAOSTAT, http://www.fao.org/faostat/ (accessed on 2 February 2021)). Their nutritional properties (e.g., highly rich in vitamin A and C), and versatility of processing into multiple products make tomatoes vegetables of extreme value. Its production has increased in recent years, with a trend towards future increase. It is highly important to ensure the dual compromise of food security and safety by increasing tomatoes’ yield and quality without compromising the environment. Local PGBP isolates represent a sustainable solution, but the efficacy of regional PGPB strains on crops, and the potential to select the most adequate strains according to the plant’s age and traits to improve, is in its infancy.



This study aimed to evaluate the physiological effects of four different isolates of species often associated with PGPB, recently collected in Portugal. This work is focused on comparing the efficiency of these candidate PGPB strains on the important crop tomato, to see if they differently influence (a) seedlings’ vigor and biomass production (fresh and dry weight), and (b) the physiological parameters of mature plants, regarding photosynthesis and redox status.




2. Materials and Methods


2.1. Bacterial Isolates and Growth


The four selected isolates belong to the bacterial collections of the University of Porto/Instituto Politécnico de Viana de Castelo, and University of Trás os Montes e Alto Douro (Portugal). The selected strains were isolated between 2017 and 2018 in the North of Portugal, from chestnut roots (C9F, 1PB1, and 5PB1) and kiwifruit phyllosphere (FV46). The isolates were identified through 16S rRNA gene sequencing and phylogenetic analysis as Bacillus megaterium (1PB1), Bacillus zhangzhouensis (5PB1), Bacillus safensis (FV46), and Brevibacillus lateosporus (C9F). GenBank accession numbers for the 16S rRNA sequence are respectively MW160938, MW160944, MW160957, and MW160949. All strains were maintained at −80 °C. Before the inoculation, bacterial isolates were grown in Luria-Bertani (LB) broth medium (Liofilchem, Italy), and incubated at 25 °C ± 1 °C, at 160 rpm. For inoculation studies, cultures were adjusted to an optical density of λ = 600 (OD600) at 0.100 ± 0.005.




2.2. Seed Biopriming and Plant Growth


Seeds of tomato cv. MicroTom (Moles Seeds Ltd., Colchester, United Kingdom) were randomly chosen and disinfected in commercial bleach (5% OCl−) at a final concentration of 50%, washed, and soaked for 1 h in sterile water. To assess if the strains had beneficial effects on tomatoes, two approaches were performed, one using seedlings, and another using adult potted plants.



Effects of the strains on tomato seedlings growth and vigor: ten randomly selected soaked seeds were placed in the middle line of each petri dish (11 × 11 cm) with Hoagland medium (pH = 5.7) with 0.7% agar (w/v). On day 3, the above-mentioned bacterial cultures were inoculated in a line below (0.5 cm) each seed, using a sterile 1 µL loop. Plate dishes were disposed vertically on a phytotron under a 16h light photoperiod, 200 µmol m−2 s−1 of PAR radiation (white fluorescent lamps OSRAM, Germany), at 25 °C ± 1 °C. After 12 days of treatment, seedlings’ shoot and root length, as well as biomass, were measured. Two independent experiments with similar conditions were established with a one-week interval.



Effects of the strains on tomato plant photosynthesis and redox status: soaked seeds were inoculated and incubated as above (but the agar was replaced by filter paper). Six days after germination, inoculated seedlings were transferred to 0.9 L pots with peat: perlite and watered with ½ strength Hoagland solution (pH = 5.7), two times a week, to 100% field capacity. Plant growth took place under greenhouse conditions, between March and July, with mean and maximum air temperatures ranging from 13 and 18 °C (March) to 25 and 33 °C (July), respectively [27,28]. Photoperiod ranged from 12 h of light (March) to 15 h of light (July). After 121 days of inoculation (i.e., 130-day-old plants), all plants were synchronized in the flowering/fruit production stage. At this period, chlorophyll a fluorescence and gas-exchange measurements took place. Collected leaves were immediately frozen in liquid nitrogen, and stored at −80 °C for further quantification of total soluble sugars, starch, pigments, total phenolic content, 2,2-diphenyl-1-picrylhydrazyl (DPPH) scavenging activity, and superoxide. Two independent experiments with similar conditions were established.




2.3. Pigments Quantification


Pigment quantification was performed according to Sims and Gamon [29], using three pool replicates (each consisting of two top mature leaves from each plant; eight plants were used per pool). Leaves were powdered in N2, and stored at −75° until further use. Frozen leaf-powder (100 mg) of each were macerated (~30 s) with 1 mL of extraction Acetone: Tris-HCl buffer on ice. After adding another 0.5 mL of the extraction buffer, tubes were vortexed and centrifuged (10 min) at 10,000× g at 4 °C. Supernatants were transferred to falcon tubes, and pellets were mixed with the extraction buffer (1.5 mL), vortexed, and centrifuged again. Supernatants were added to previous ones. Absorbances were read (in triplicate) at 663, 537, 647, and 470 nm using the Multiskan™ GO Microplate Spectrophotometer (Thermo Scientific™, USA). Chlorophyll a, chlorophyll b, carotenoid, and anthocyanin contents (mol/g) were estimated according to Sims and Gamon [29].




2.4. Carbohydrates Content (TSS and Starch)


Total soluble sugars (TSS) content was quantified by the anthrone method [30], and the starch content according to Osaki et al. [31], using three pool replicates (each pool consisting of two top mature leaves from each plant; eight plants were used per pool). For TSS determination, 50 mg of frozen samples were macerated with 1.5 mL 80% ethanol, and 80% ethanol was added to a final volume of 10 mL. After incubation at 80 °C for 1 h, tubes were kept in ice (10 min), and centrifuged (10 min) at 10,000× g, at 4 °C. Supernatants were transferred to new tubes and the pellets were preserved. For the anthrone reaction, 30 µL of each supernatant was mixed with 750 µL of the anthrone solution (40 mg anthrone in 1:20 v/v (H2O: H2SO4)). Reaction tubes were incubated (10 min) at 100 °C and cooled in ice (15 min). Absorbances were read at 625 nm using the Multiskan™ GO Microplate Spectrophotometer (Thermo Scientific™, USA). A standard curve for glucose was used.



For starch content quantification, pellets reserved from the TSS quantification protocol were mixed with 5mL of 30% perchloric acid, and vortexed. Tubes were incubated for 1 h at 60 °C, and then kept in ice for 15 min, vortexed, and centrifuged (10 min) at 10,000× g, at 4 °C. Each supernatant (30 µL) was mixed with 750 µL of anthrone solution. Reaction tubes were incubated at 100 °C (10 min), and vortexed. The same process for TSS quantification was used here, and the content of starch was determined using a standard curve for glucose.




2.5. Photosynthetic Performance and Gas Exchange


Top mature leaves of eight plants of each treatment were used for gas exchange and chlorophyll a fluorescence determination. The LI-6400XT Photosynthesis System Li-COR (Lincoln, Nebraska, USA) was used for the analysis of gas exchanges. Transpiration rate (E, mol m−2 s−1), stomatal conductance (gs, mol m−2 s−1), net CO2 photosynthetic rate (PN, µmol m−2 s−1), and intercellular CO2 concentration (Ci, ppm) were determined according to Dias et al. [32]. Chlorophyll a fluorescence was determined by measuring the minimal fluorescence yield (F0) in leaves adapted to dark for 40 min, using the LI-6400XT Photosynthesis System (Li-COR, USA) fluorometer. Following adaptation to dark, a 0.7 s saturating light pulse (>1500 μmol m−2 s−1) was applied, and the maximum fluorescence yield was determined (Fm). F’0 and F’m were also determined in leaves adapted to light for 30 min. Variable fluorescence values Fv = Fm − F0 and F’v = F’m − F’0 were estimated to assess the maximum efficiency of PSII and the effective photochemical efficiency of PSII (ΦPSII). Additionally, the photochemical quenching (qP = (F’m − F’)/(F’m − F’0)), non-photochemical quenching (NPQ = (Fm − F’m)/F’m) and effective efficiency of PSII (ΦPSII = (F’m − F’)/F’m) were determined [33,34].




2.6. Total Phenolic Content


Total phenolic content was quantified following the Folin–Ciocalteau method, according to Dewanto et al. [35]. Samples of frozen top mature leaves (100 mg, in triplicates) of each condition were macerated with 2 mL of extraction buffer [H2O: methanol (9:1)] at −4 °C. Filtered extracts were collected in 15 mL falcon tubes, and centrifuged at 2500 rpm (10 min) and 4 °C. Each extract (125 µL), and 125 µL of gallic acid standards (0, 25, 50, 100, 150, 200, 250, and 500 µg/mL) were transferred to new tubes, to which 500 µL H2O and 125 µL of the Folin–Ciocalteau reagent were added. After incubation (6 min) in the dark, 1.25 mL of 7% Na2CO3 and 1 mL of water were added. Tubes were incubated (90 min), and absorbances were read at 760 nm using the Thermo Scientific™ Multiskan™ GO Microplate Spectrophotometer.




2.7. DPPH Scavenging Activity


The scavenging activity of 2,2-Diphenyl-1-picrylhydrazyl (DPPH) was determined according to Harkat-Madouri et al. [36] with some modifications. Frozen leaves (100 mg, in triplicates) of each condition were used. Top mature leaves were macerated with 3 mL of methanol at 4 °C. Extracts were vacuum-filtered and the filtered extracts were collected in 15 mL falcon tubes and centrifuged at 2500 rpm (10 min). Each sample (150 µL) was diluted with 100 µL of methanol and 1.25 mL of DPPH 0.1 mM was added. Tubes were incubated for 30 min. in the dark. Absorbances were read at 517 nm using the Thermo Scientific™ Multiskan™ GO Microplate Spectrophotometer. For the antiradical capacity, a standard curve of gallic acid following the concentrations 0, 5, 10, 15, 20, 25, 30, 35, and 40 µg mL−1 was used.




2.8. Superoxide (O2−)


Superoxide (O2−) was measured using the Nitroblue tetrazolium (NBT), according to Gajewska and Sklodowska [37]. Briefly, 100 mg of frozen leaves was used (in triplicate). Samples were mixed with the extraction buffer (2 mL), containing 0.01 M phosphate buffer (pH = 7.8), 0.05% NBT diluted in 100 µL DMSO, and 10 mM sodium azide, incubated (1h) at room temperature, and centrifuged at 13,000× g for 2 min, at 4 °C. Samples were then incubated at 85 °C (15 min) and kept in ice (10 min). Absorbances were read at 580 nm using the Thermo Scientific™ Multiskan™ GO Microplate Spectrophotometer.




2.9. Statistical Analysis


Experiments regarding the impacts of the strains on seedlings were repeated twice. In each experiment, 20 seedlings were used per condition for the shoot and root length and weight measurements. Experiments regarding the effects of the strains on mature potted plants were repeated twice. In each experiment, 10 mature plants were grown per condition. For photosynthetic analysis, mature leaves (with similar age) from eight different plants (randomly selected) were treated as biological replicates. When pools were used (e.g., carbohydrates and pigments analyses), each pool consisted of the two top mature leaves of eight different plants, and three replicates were used for each analysis. Three technical replicates were used for absorbance reading. All presented values are the mean ± standard deviation of the biological replicates from the independent experiments. Comparisons between all treatments and the control were made using the One-Way ANOVA test. When data were statistically different, the Dunnett Comparison Test (p < 0.05) was also applied. GraphpadTM Prism 7 was used. Multivariate analyses for data correlation used Principal Component Analysis and were performed with CANOCO V4.02 software for Windows.





3. Results


3.1. Shoot and Root Length, and Biomass


No significant differences were observed regarding the shoot length of inoculated seedlings. Treatment with 1PB1 and 5PB1 led to a significant decrease in root length compared to the control. However, 5PB1 treatment was not different from treatments with C9F and FV46. No strain treatment led to significant differences in root and shoot fresh and dry weight of seedlings compared to the control. However, C9F treatment led to a slight increase in fresh and dry weight of seedlings’ roots (Table 1).




3.2. Pigments Content


Regarding the effects of the strains on adult plants, no significant differences between treatments were observed in the contents of anthocyanins (Figure 1a) and carotenoids (Figure 1b) of inoculated plants, compared to the control group. Compared with the control, C9F led to a decrease and FV46 to an increase, in both Chl a (Figure 1c) and Chl b (Figure 1d). As these changes in Chl a and Chl b in plants inoculated by these isolates were proportional, the Chl a/b ratio was maintained (Figure 1e).




3.3. Carbohydrates Content


Plants inoculated with 1PB1 and C9F presented a higher TSS content compared to control (Figure 2a), and slightly higher TSS content compared to 5PB1 and FV46 treatments. The apparent increase in the TSS content of plants treated with 5PB1 and FV46 was not significantly different from the control group. Regarding starch (Figure 2b), plants treated with 1PB1 and 5PB1 presented a higher starch content than control plants. Additionally, 5PB1 inoculated plants had a higher starch content than plants inoculated with 1PB1.




3.4. Photosynthetic Performance


The maximum fluorescence (Fm) (Figure 3a) did not differ in plants inoculated with 5PB1 and FV46 compared to the control group. However, the inoculation of plants with C9F and 1PB1 significantly reduced Fm values. Considering the Fv/Fm ratio (Figure 3b), control plants showed a ratio of ~0.82, which was only lower in plants inoculated by C9F and FV46. Considering the F’v/F’m ratio of leaves adapted to light, results were similar to those in dark-adapted leaves, with C9F significantly reducing this ratio compared to the control and 5PB1-treated plants. For qP and NPQ, the C9F-inoculated plants showed higher decreases compared to the controls. Regarding the efficiency of the PSII photosystem, inoculation with 1PB1, 5PB1 and FV46 resulted in no statistical differences, although 5PB1 lead to a slight increase. Inoculation with C9F significantly reduced the PSII efficiency.




3.5. Gas Exchange


C9F decreased net CO2 assimilation rate (PN), while 1PB1, FV46 and 5PB1 did not significantly change PN, although plants inoculated with 5PB1 had the highest PN (Figure 4a). Stomatal conductance (gs) was significantly improved by 5PB1 compared to the control, while 1PB1, FV46, and C9F did not have significant effects (Figure 4c), which is in line with the change in the intercellular CO2 concentration (Ci) (Figure 4b). Transpiration rate (E) was not affected by inoculations with 5PB1 or C9F, but it was significantly reduced by 1PB1 and FV46 (Figure 4d).




3.6. Superoxide Content and Non-Enzymatic Antioxidant Activity


Inoculation of plants with 1PB1 and C9F resulted in lower superoxide concentration in leaves (Figure 5a). Inoculation of plants with FV46 resulted in significantly higher phenolic content compared to the control. Only slight increases were observed on plants inoculated with 1PB1 and C9F (Figure 5b). Results show that no significant differences regarding the DPPH free-radical-scavenging activity were observed among the conditions, although a slight increment was observed in plants inoculated with FV46 (Figure 5c).




3.7. Principal Component Analysis (PCA)


The PCA showed a separation between control and inoculations, and a separation between the different strains (Figure 6).



This separation is more accentuated between treatments with FV46, C9F and 1PB1 and the control. 5PB1 was the treatment that scored the closest to the control. PC1 explained 48.2% of the variance and PC2 explained 29.5%. FV46 treatment is located on the left upper quadrant, correlating with pigments and non-enzymatic defense activity. 5PB1 is located on the lower left quadrant, along with the control, which was the group that mostly scored for photosynthetic and gas-exchange parameters, such as Fv/Fm, ΦPSII, Ci and PN. C9F is located on the upper right quadrant, scoring the highest for TSS. 1PB1 is located on the lower right quadrant, scoring for gs and Chl a/b.





4. Discussion


Plant-growth-promoting bacteria are known to improve plant growth and nutrition through the production of hormones, such as IAA, and by solubilizing soil nutrients [38]. These mechanisms end up influencing the physiological status of the plants. The present data showed that inoculation with different strains (selected as PGPB-candidates) changed the plants’ photosynthesis and antioxidant responses.



The shoot length and fresh and dry weights of seedlings were not sensitive to the strains. 1PB1 and 5PB1 reduced root length, but the seedling’s root maintained its FM and DM, meaning that the root increased its thickness. This thickening has been associated with some stress (e.g., mechanic), but we suggest that these strains (particularly 1PB1) may interfere with the root system architecture, by directly or indirectly influencing the levels of phytohormones (e.g., imbalances of indoleacetic-acid, gibberellic acid) [39]. Nonetheless, our results are in line with Cabra et al. [40], who demonstrated that B. subtilis GIBI 200 had little effect on the shoot and root length and biomass of treated tomato plants. Similarly, Gowtham et al. [41] showed that inoculation of tomato plants with several PGPB strains (including Bacillus spp.) did not lead to changes in shoot and root length in plants grown under controlled conditions, but induced some increases in these parameters in plants growing under greenhouse conditions.



Regarding the adult plants, the strains showed bioactivity in terms of both photosynthesis and redox status. The Fv/Fm that estimates the maximum quantum efficiency of PSII photochemistry varied between 0.79 and 0.83, which is in agreement with values described in the literature for healthy unstressed plants [42], supporting no negative effects of these strains on the photosynthetic performance. These results are in line with the work of Yobo et al. [43], who found that the inoculation of dry bean seedlings with Bacillus spp. isolates leads to a slight increase in maximum PSII efficiency (Fv/Fm), although that difference was not maintained with time, compared to control plants. Similarly, Anusaraporn et al. [44] demonstrated that inoculation of rice plants with Bacillus sp. N7 did not change this ratio. Regarding the F’v/F’m ratio, which estimates the maximum PSII efficiency when all the PSII centres are “open” (in light-adapted leaves), only the C9F treatment lowered this ratio. As far as we know, there are no data in the literature regarding PGPB-mediated changes in the PSII-effective efficiency (F’v/F’m) of tomato plants. However, in other species (e.g., Euterpe oleracea), De Castro et al. [45] demonstrated that B. subtilis combined with B. safensis and other PGPB lead to a significant increase in this parameter. Photochemical quenching (qP) was not affected by the inoculations, although a tendency towards reduction was observed in plants inoculated with C9F, and a tendency to increase the proportion of PSII reaction centres that are open was observed in plants treated with 5PB1 and 1PB1. Furthermore, 5PB1 and FV46 isolates may be interesting for use to promote plants’ ΦPSII, which translates the effective quantum yield of the PSII electron transport. The PCA supports these findings, particularly for the 5PB1 treatment which is positioned in the same quadrant as the control, near ΦPSII (Figure 6). Similar results were reported by Li et al. [46], who found an increase in ΦPSII on V. faba plants inoculated with B. subtilis, but, in contrast, Jain and Jajoo [47] verified a slight decrease in ΦPSII on wheat plants treated with B. subtilis (NCIM 5594). In our work, only the treatment with C9F negatively influenced the ΦPSII, which was also confirmed by the PCA. This reduction in ΦPSII was related to the decrease in open PSII reaction centers (qP) and/or to the reduction in the efficiency of excitation capture by open PSII reaction centers (F’v/F’m), as supported by the PCA (positive correlation between these parameters). Moreover, a decrease in ΦPSII can result in a low availability of ATP and NADPH for the Calvin Cycle. Therefore, the lack of beneficial effects in plants inoculated with 1PB1 and C9F might be explained by the fact that these isolates were not obtained from the rhizosphere of tomato plants, so host-specificities might explain this fact, as was already demonstrated by Vaikuntapu et al. [48]. On the other hand, 5PB1 and FV46 seem to have some beneficial effects on a broader range of plant species. Non-photochemical quenching (NPQ), which monitors the apparent rate for heat loss from PSII, was unaffected, suggesting that these isolates do not affect this protective mechanism. Different results were reported by Samaniego-Gámez et al. [49], who found the inoculation of pepper plants with Bacillus sp. M9 and B. cereus K46 decreased NPQ, but with an increase of qP. Similarly, Li et al. [46] found that B. subtillis increased NPQ in V. faba plants.



In line with the ΦPSII data, gas exchange parameters also might be positively influenced by 5PB1, and the PCA confirms this finding (Figure 6). The effect of 5PB1 on the PN in tomato plants may be due to the lower restriction in E and gs, and consequent high CO2 availability (Ci). On the other hand, the restrictions observed on the ΦPSII of C9F-treated plants may also explain the decline of PN, as supported by the multivariate analysis (Figure 6). As a consequence, WUE was decreased. Contrarily, the other inoculants did not influence WUE. Different results were reported by Samaniego-Gámez et al. [49], who demonstrated that the inoculation of pepper plants with two Bacillus spp. strains significantly increased WUE.



In the PCA analysis, FV46 score positioned in the upper left quadrant, close to chlorophylls (Figure 6), thus supporting a positive correlation. Our data are in agreement with the reported by Akram et al. [50], who showed that a B. megaterium strain increased the levels of Chl a, Chl b, and carotenoids in tomato plants. Shah et al. [51] obtained similar results when inoculating tomato plants with four different Bacillus isolates. This positive effect is common for a wide range of species. The 5PB1 and 1PB1 treatments had little influence on pigments, while C9F slightly decreased pigment levels. These results are in line with Morais et al. [52] who showed that the inoculation of strawberry plants with isolates of Pedobacter sp. CC1, B. safensis B106, and B. subtilis B167A exerted low or no impact on pigment content.



All isolates in general increased the leaves’ carbohydrates, with 1PB1 and 5PB1 promoting a particularly significant accumulation of starch, and 1PB1 and C9F an increase in TSS pool. PCA also confirms that 5PB1 had a stronger positive influence on starch content, and 1PB1 and C9F on TSS. These changes may demonstrate a strain-dependent influence on the plant’s carbon metabolism and/or photo-assimilates’ translocation, which deserves further study. Gagné-Bourque et al. (2015) showed that inoculation of Brachypodium distachyon with B. subtilis B26 stimulated the accumulation of starch and TSS just after 8 days of growth [53]. In the present work, the accumulation of TSS verified in plants inoculated with C9F might be linked to the observed decrease in PN. This finding is also supported by the negative correlation between these parameters observed in the PCA, possibly indicating a reduction in the use of TSS. We have found that isolates 1PB1 and C9F produce more IAA than 5PB1 and FV46 (data not shown), and bacterial IAA could justify the increase in carbohydrates in these plants [54]. It is also known that plants usually provide sugars to beneficial bacteria, via root exudates, so higher sugar production may be linked to such an interaction [38]. Moreover, the accumulation of soluble sugars helps plants keep homeostasis, namely under drought [53]. The putative effects of these isolates to help plants tolerate drought thus deserves further study.



The treatments with 1PB1 and C9F reduced the levels of superoxide content, supporting an additional perspective for the benefits of these isolates in the redox protection of plants. Reducing the levels of superoxide is advantageous for plants facing adverse environmental conditions. Moreover, it is known that bacteria produce defense enzymes such as superoxide dismutase (SOD) [55], which could explain the lower superoxide contents in plants treated with these isolates, and support their potential benefits. This negative correlation between superoxide and 1PB1- and C9F-treated plants was also confirmed by the PCA. Regarding total phenolic content (TPC), the inoculant FV46 favored the accumulation of these compounds. These results are in line with Abd-Allah et al. [56], who showed that a B. subtilis isolate led to an increase in the TPC in chickpea plants. Since phenolic contents have reducing properties and play a role in scavenging free radicals [57], the results suggest that FV46 might improve non-enzymatic antiradical defenses. The improvement in chlorophyll content by FV46 might be related to some protection provided by the TPC, which is also supported by the PCA.




5. Conclusions


Finding new PGPB species/strains that can be used as sustainable alternatives to current agrochemicals is gaining relevance. Here, we tested the effects of new isolates on the model cv. MicroTom growth of seedlings and adult plants’ physiology. These strains mostly affected adult plants, but the effects depend on the strain. B. laterosporus C9F negatively influenced the levels of chlorophylls, PSII chlorophyll fluorescence, and some parameters of gas exchange. The 5PB1 showed the most positive correlation with PSII chlorophyll fluorescence, and B. safensis FV46 was the most efficient in stimulating some plant antioxidant defenses (e.g., phenols), suggesting a protective action against oxidative stress. We are currently using combinations of these isolates to test if they can act synergistically and provide plants with different benefits. Assessment the effects of these strains on different commercial cultivars is being initialized. These isolates can modulate the physiology of species that are different from their natural hosts, which may be a desirable characteristic in terms of field/agricultural application and commercialization. However, additional studies with different plant species should be conducted to draw further conclusions.
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Figure 1. Effect of inoculation with isolates 1PB1, 5PB1, C9F and FV46 on tomato leaves of 130-day-old plants. (a) Anthocyanins, (b) Carotenoids; (c) Chl a, (d) Chl b, (e) Chl a/b. Presented values are means ± SD (n = 3) of measurements on each treatment group. Means with the same letter are not significantly different according to the Dunnett test (p < 0.05). 
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Figure 2. Effect of inoculation with isolates 1PB1, 5PB1, C9F and FV46 on Total Soluble Sugar (a) and Starch (b) contents, of tomato leaves of 130-day-old plants. Presented values are means ± SD (n = 3) of measurements on each treatment group. Means with the same letter are not significantly different according to the Dunnett test (p < 0.05). 
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Figure 3. Effects of inoculation with isolates 1PB1, 5PB1, C9F and FV46 on PSII chlorophyll fluorescence of 130-day-old plants. Measurements on each treatment group were preformed (n = 8). Means with the same letter are not significantly different according to the Dunnett test (p < 0.05). 
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Figure 4. Effects of inoculation with 1PB1, 5PB1, C9F and FV46 on gas exchange parameters of 130-day-old tomato plants (n = 8); (a) PN—net photosynthetic rate; (b) Ci—internal CO2 concentration; (c) gs—stomatal conductance; (d) E—transpiration rate; (e) WUE—water use efficiency. Means with the same letter are not significantly different according to the Dunnett test (p < 0.05). 
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Figure 5. Effects of Inoculations with 1PB1, 5PB1, C9F and FV46 leaf redox status of 130 days-old tomato plants: (a) superoxide (O2−) content, (b) total phenolic content, (c) DPPH-scavenging activity. Presented values are means ± SD (n = 3) of measurements on each treatment group. Means with the same letter are not significantly different according to the Dunnett test (p < 0.05). 
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Figure 6. Principal component analysis biplot of the effects of inoculation of the isolates 1PB1, 5PB1, C9F and FV46 on tomato plants. Loading plot for the first axis PC1 explained 48.2% of the variance and second axis PC2 explained 29.5%. Ant—Anthocyanins; Car—Carotenoids; Chl a—Chlorophyll a; Chl b—Chlorophyll b; WUE—Water usage efficiency; O2−—Superoxide; NPQ—Nonphotochemical quenching; PN—Net carbon assimilation rate; qP—Photochemical quenching; Fv/Fm—Maximum quantum efficiency of PSII; Fm—Maximum fluorescence; ΦPSII—Quantum yield/Efficiency of PSII; F’v/F’m—Efficiency of excitation energy capture by open PSII reaction centers; Ci—internal CO2; Starch—Starch content; E—Transpiration rate; gs—stomatal conductance; TSS—Total soluble sugars; TPC—Total phenolic content; DPPH—DPPH scavenging activity. 
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Table 1. Shoot and root length (cm), and weight (g) of 12 days-old seedlings under control conditions and inoculated with 1PB1, 5PB1, C9F, FV46 isolates. Values are means ± SD (n = 20) of measurements on each treatment. Means with the same letter are not significantly different according to the Dunnett test (p < 0.05). FW—fresh weight; DW—dry weight.
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	Control
	1PB1
	5PB1
	C9F
	FV46





	Shoot length
	3.237 ± 0.491 a
	3.147 ± 0.527 a
	3.082 ± 0.513 a
	3.100 ± 0.489 a
	3.124 ± 0.491 a



	Shoot FW
	0.0609 ± 0.0139 a
	0.0558 ± 0.0007 a
	0.0561 ± 0.0097 a
	0.0572 ± 0.0054 a
	0.0568 ± 0.0118 a



	Shoot DW
	0.00256 ± 0.00053 a
	0.00252 ± 0.00011 a
	0.00251 ± 0.00045 a
	0.00253 ± 0.00047 a
	0.00257 ± 0.00056 a



	Root length
	9.163 ± 1.761 a
	6.211 ± 1.195 c
	7.382 ± 1.261 bc
	8.271 ± 2.074 ab
	8.082 ± 1.694 ab



	Root FW
	0.012 ± 0.005 a
	0.012 ± 0.006 a
	0.010 ± 0.006 a
	0.013 ± 0.003 a
	0.010 ± 0.004 a



	Root DW
	0.00053 ± 0.00005 a
	0.00054 ± 0.00011 a
	0.00049 ± 0.00012 a
	0.00063 ± 0.00018 a
	0.00056 ± 0.00002 a
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
10

295

10

D) %85 10






media/file4.png
(a) Total Soluble Sugars b)
40+ a

Starch
- 50+ )
ab olu ab
30~ ) )
.

20~
10—
” N Qu |

O @'\ 0\ o b.b
c,°§ MRS MR

S & & 2 b





nav.xhtml


  horticulturae-07-00024


  
    		
      horticulturae-07-00024
    


  




  





media/file6.jpg
(@

ab

P

a

(e)
o6

02

NPQ

)

&

&

oPsil

L&

&





media/file2.png
(a)

Anthocyanins (b) Carotenoids (c)

Chlorophyll a
- a . %
0.3 0.25 ; 049 b ap ab o
b
l 0.20- 0.3- .
<. 0.2- E oY
= S 0.15- — =
o 3 = 0.2-
(@) (o)) (o))
o o 0.10- o
£ 0.1- S £
. 0.1+
0.0- T 0.00- T 0.0_ T
6\ N N & h@ (} N N & hb 6\ N N & bs:
&L LT & LT &L T
(d)  Chlorophyll b (e) Chlorophyll a/b
0.3~ 2.0- a
a
ab ab ab i
5 1.5-
0.
L
= 1.0-
o
£ 0.1+
0.5-
0.0- 0.0- .
AN N AN N N X ©
L R o ¢ (W
& K oo&" L L FQ





media/file5.jpg
@ Fn ® FJFn ©  FJFn
1200

b 10
1000- a @ a b oab
o8-

800
o 06
400- os.
200 o

o

& & o0

Calt

p & qu;‘ '3@‘ & t‘"





media/file7.png
(a) F., (b) FJF (c) FJF
1200~ ab

1000- c ; c
800- — -
600-

400-
200-
0- . :
c§§f\ SE P






media/file3.jpg
(a) Total Soluble Sugars

P a a
ab L ap
304 b
g
T2
=
£
10
o

S B B K
R

&

Starch

bC  pe

NN
$¢§¢°Q6W





media/file1.jpg
Anthocyanins ®

03 a 025
020

0z z
Fors

%
Fo.10

01 g
005
00- -

(@  Chlorophyll b

a ab @
02 b

Carotenoids

©

©  Chiorophylla

Mt b 2
®

o

™ gl

04
o0

HLEL L

Chlorophyll alb
a





media/file10.png
L
2
(o]
s 8 § 8 ° °
=] b ] S
= L iy "
. T T LA N o 00
B —  {0%H) 1oww (200) jowr
C p
s H
L 4y]
o]
L
w
S22 35 7 -
o o i = ©
-~ P Z ouwiw
= 1-S z.W (O%H) | :
8 H I

N oK
& o
R AP\

I |
o o
s o
L -

s z.w (°02) joww
Jot o

Py
ab bc ° %
“l_“l‘ll{[f-l“‘{
0—
S R
c;§¢ SHE R
(d) g
200- 2
b
bc
50
0.—
éc'i‘
&

- zw (o) jowr





media/file12.png
—
o
~

Abs580.g(FM)"!

Superoxide (05) (b) Total Phenolic Content DPPH scavenging activity

(c

N’

2.0+ a 1.5-
ab .
a ab a T 45 b ab p - ‘:f
b b E y__' 1.0'
= o
o
e el % 1.0- E{J b
O o.5-
o o 0.5
£ 0.5- £
0.0' T
T 0.0- T

S R 2 K& W
S N N & a0 © & QY g o &
M MR & bt





media/file9.jpg
ol (€0 m st

SEL S

w

&S o

»

.
m

20






media/file0.png





media/file14.png
DPPH TPC
o \
o @
FV46
P Tss
’J,,—"" CQF .
w |iWU. e e el
d -+ _P__’,-—/
(| QR
A 1PB1
NPO = y
e
/'//
L a CONTRQ
PN /'qP
FV/Em~ ¢PSIl Starch
Fm
Fv/F’'m 8s
: @
Ci 5PB1
E Chla/b
o
-1.0 1.0






media/file8.png
(d)

0.8+
0.7-
0.6-
0.5-
0.4
0.3+
0.2~
0.1+
0.0-

"
&
0

qP
abaabab
l ——

| QI
S & L K WP
RS O

(e) NPQ

0.4+

0.2-

N NN
{PQ O
& o

N\

©
D
Q“\

(f) ®PSI|

a
ot ab ab

0.4+

0.2+

0.0-

» N N
& L&
€

I

< ae
SR\
O






media/file11.jpg
@, Swerorke(%) )  TollPhenoloComent ) OFPH scavenglog ity
,E s b oab p
= S0
g H
H 2os
o0,






