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Abstract

:

This study aimed to investigate the presence of beneficial microorganisms in the micropropagation of Pyrus communis rootstocks through the isolation, identification, and selection of auxin-producing bacteria. The selected microorganisms were also inoculated in vitro to evaluate their effect on the plant rooting process and their behavior during the acclimatization phase. The results showed the presence of endophytic microorganisms in plant tissue cultures of the ‘OH×F87′ and ‘PDW’ selections. A low diversity was observed in the population of microorganisms isolated from the in vitro culture of the ‘OH×F87’and ‘PDW’ selections, with a predominance of the genera Acinetobacter, Bacillus, and Buttiauxella. The selection of promoting microorganisms was performed based on the auxin production test, in which 30.36% of the microorganisms tested positive. In the in vitro inoculation, it was possible to observe the promotion of growth and emission of roots in the pear rootstocks, from the inoculation with bacteria identified as capable of producing auxin. This process can be used to replace the inclusion of synthetic auxin in the productive chain of woody fruit trees propagated by vegetative means, such as pears. None of the bacterial isolates was notably more promising, but the general similarity of treatments containing the A. septicus and A. ursingii strains, with the synthetic auxin treatment, suggests the possibility of its use on a large scale allowing the adoption of the cheaper method. of rooting. This work opens the door for further research using new, more promising microbial isolates, and also for lower-cost microorganism cultivation techniques, such as low-cost media obtained from agro-industrial residues.
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1. Introduction


The pear is a temperate fruit tree belonging to the Rosaceae family, being the most common species of the Pyrus genus. Despite Brazil being a large market in the production and consumption of fruits in general, the country does not stand out in the cultivation of temperate climate fruits, such as pears. The expansion of this fruit in the country, and the improvement of productivity rates are limited mainly by the lack of genetic material, which includes adequate rootstocks [1], in addition to technical problems such as low effective fructification of the crop in the south of the country [2].



The rootstocks are fundamental in the process of formation of the fruit tree since they interfere in the development and vigor of the canopy, precocity of production, quantity, and quality of production, as well as the ability to adapt to unfavorable soil and climate conditions, in addition to resistance to pests and diseases [3,4]. New cultivars have been studied in Brazilian plant breeding programs, such as the rootstocks ‘OHxF87′ and ‘PDW’, which are promising in high-density orchards.



The OH×F (Old Home × Farmingdale) clone series of Pyrus communis is widely used in North America, due to its precocity, yield, and fruit quality similar to European pear cultivars [5,6]. ‘OH×F87′ is considered one of the best in the series, having as particular characteristics a semi-dwarf size and compatibility with most European and Asian pear varieties [7]. Similarly, the clone ‘PDW’ or Pyrodwarf (Old Home × Bonne Luise d’Avranches) also of Pyrus communis, has good compatibility with European and Asian pear varieties and low susceptibility to iron deficiency chlorosis [8].



Regarding the propagation of plant species, in vitro micropropagation has become increasingly common. Unlike other methods of vegetative propagation, in vitro propagation allows the control of variables responsible for plant development, such as root formation. The technique also provides a fast and efficient mass production of seedlings, while also maintaining the agronomic characteristics derived from the original plant. The final stage of micropropagation is the acclimatization phase, in which the plants are gradually exposed to the natural environment, for later transfer to the field.



In general, the in vitro propagation of woody species of the Rosaceae family is less adaptable to tissue culture, especially in the rooting process, decreasing the success rate of micropropagated seedlings and its further adoption as the main form of propagation of the crop [9].



The use of plant hormones such as auxin in the form of indole-3-acetic acid (IAA) or indole-3-butyric acid (IBA) has typically a high success rate in the rooting of this species [10,11] being an old object of study [12]. Considering that plant-associated microorganisms are able to modulate plant development and can be used to increase the efficiency of the micropropagation and in vitro rooting of explants [13], the use of microorganisms as a source of auxin or as a rooting mediator of woody Rosaceae rootstocks, such as apple and pear, can be a major tool for a more sustainable agriculture [14,15].



Given that synthetic auxins are classified as biochemical pesticides by the US Environmental Protection Agency and United States Department of Agriculture, and their use is controlled in some countries, the use of microorganisms instead of synthetic hormones is an alternative to reduce the use of synthetic auxins in micropropagation [16,17,18,19,20]. Moreover, synthetic hormones are expensive, and the use of microorganisms can help reduce the cost of seedling production.



In addition to the difficulties related to rootstocks rooting, a persistent presence of unidentified endogenous microorganisms is common in micropropagated plants, even with good practices in asepsis, a rigorous establishment, and several successive in vitro transfers [21,22]. This phenomenon was also observed in Prunus avium (plum) and Malus sp. (apple), both belonging to the Rosaceae family [23,24,25], and in forestry species such as Pinus sylvestris. The isolation and identifications of endogenous microorganisms create opportunities for the discovery of new strains capable of promoting plant growth in several cultivated species, increasing yield, and/or reducing the dependence on synthetic reagents [26,27].



The synthesis of auxin by microbial metabolism usually requires the presence of the amino acid L-tryptophan, which can be converted to auxin via different pathways, such as IPyA, with indole-3-pyruvic acid as the final product, the TAM pathway, with tryptamine as the final product, and the IAN pathway, with indole-3-acetonitrile as the final product [28,29,30]. In addition, other compounds that are actively involved in IAA synthesis in bacteria have been reported to possess auxin activity, such as indole-3-acetamide, indole-3-pyruvate, and indole-3-acetaldehyde [31,32].



Several soil-borne bacteria are known to produce hormones that can regulate plant development [33,34]. Bacterial IAA is a reciprocal signaling molecule in plant-microorganism interactions, where the plant provides exudates containing nutrients and shelter for microorganisms, and the microorganisms provide auxin, which is essential for root development [35,36].



Important plant growth-promoting bacteria (PGPB), such as Azospirillum brasilense or Bacillus sp., are widely used in agriculture due to their abilities to promote plant growth [37,38,39,40]. However, many other microorganisms, such as Proteus vulgaris, P. mirabilis, Klebsiella pneumoniae, Escherichia coli, and some bacteria of the genus Acinetobacter, can also stimulate plant growth.



Plant growth promotion by beneficial bacteria can occur either via indirect mechanisms such as solubilization of phosphate in the soil, production of siderophores, or biological control, or via direct routes, such as the production of plant growth regulators including auxin, cytokinins, gibberellins, or abscisic acid [41,42,43].



Despite their recognized capacity for promoting plant development, the use of microorganisms in a controlled manner in vegetative micropropagation in tissue culture is still incipient [23]. However, some studies have shown that it is possible to develop the rhizogenic potential in the presence of microorganisms, avoiding the use of synthetic auxins [44,45]. Thus, the use of plant growth-promoting microorganisms may shorten the rooting period and increase the growth of shoots and number of sprouts during the acclimatization process, which represents a decrease in cultivation time, reduced costs, and an environmentally friendly approach [46,47].



The main objective of this work was first to verify the existence of endophytic microbial populations capable of promoting plant growth in pear explants. From the isolates obtained, the second stage was conducted with the aim of observing the effects of the manipulation of the endophytic microbial population, through the re-inoculation of only the microorganisms considered beneficial to plant development, due to their ability to produce auxin. Two promising pear cultivars (P. communis) were used, which were inoculated with the isolates during in vitro micropropagation, and then the rhizogenic potential and the behavior of the transplants during acclimatization were evaluated.




2. Materials and Methods


2.1. Plant Material and In Vitro Growth


To carry out this experiment Pyrus communis rootstocks from the ‘OH×F87′ (Old Home × Farmingdale) and ‘PDW’ (Old Home × Bonne Luise d’Avranches) selections were used, which were provided by the Agro-veterinary Center, Santa Catarina State University, Brazil. The plant material was established in QL (Leblay) medium [48] at the Laboratory of Plant Micropropagation at Santa Catarina State University. For the multiplication protocol, where the clones used to install the experiment are generated, MS (Murashige and Skoog) culture medium [49] was used, containing 30 g L−1 sucrose and 5.5 g L−1 agar, supplemented with 1.5 mg L−1 BAP (6-benzylaminopurine) and 0.1 mg L−1 IBA (indole-3-butyric acid), plant hormones used for plant multiplication, the pH of the culture was set to 5.8. A total of 20 mL of the nutrient solution was added to the test tubes, which were then placed in a growth room (26 °C) with a 16 h photoperiod (40–56 μmol m−2 s−1) for 45 days.




2.2. Isolation and Identification of Endophytic Bacteria in Pyrus communis


The microorganisms were isolated from rootstocks multiplied in vitro. Surface sterilization of the segments of leaves and stems was performed. For this process, the material was washed in distilled water and then 70% alcohol alcohol for 30 s, followed by rinsing in sterile water, this process was repeated three times, and immersion in a 1% hypochlorite solution for 1 min. Plating was performed by the dilution method (1:10) in sterile peptone water (0.1% peptone). The plant material was macerated together with the peptone water and incubated in a shaker at 150 rpm for 30 min at 28 °C. Subsequently, three serial dilutions were performed (1:10), and using the surface plating method, a 0.1 mL aliquot was inoculated into the culture media nutrient agar (NA) (5 g L−1 peptone, 3 g L−1 yeast extract, 15 g L−1 agar), M9 (10 g L−1 Na2HPO4, 3 g L−1 KH2PO4, 0.6 g L−1 NaCl, 20 g L−1 NH4Cl, 5 g L−1 glucose, 15 g L−1 agar), and Luria Bertani (LB) (10 g L−1 tryptone, 5 g L−1 yeast extract, 10 g L−1 NaCl, 15 g L−1 agar). The plates were incubated for 36 h in a biochemical oxygen demand incubator at 28 °C. After this period, dilutions with 30 to 300 colonies were selected and separated by different morphotypes. Three biological replicates were used, each with three technical replicates.



All bacterial isolates found were identified using the ion-assisted matrix/flight time laser desorption technique (MALDI-TOF). The isolates were subjected to Matrix-Assisted Laser Desorption/Ionization–Time of Flight Mass Spectrometer (Bruker Daltonics®, Bremen, Germany) analysis for the identification according to the methodology described by Carvalho et al. [50]. For this analysis, three biological replicates were used, each with three technical replicates.




2.3. Selection of IAA-Promoting Bacteria


To determine the production of the auxin IAA, the strains were grown in nutrient broth (NB) (5 g L−1 peptone, 3 g L−1 yeast extract) supplemented with 0.1 g L−1 L-tryptophan and incubated in a shaker at 150 rpm for 24 h at 28 °C. One-milliliter aliquots were taken and centrifuged for 5 min at 5000× g, and 0.5 milliliters of the supernatant were mixed with 0.5 mL of Salkowski reagent [51]. The mixture was incubated in the dark at room temperature for 20 min, and the absorbance was measured by a mass spectrophotometer (Multiskan GO) using the software SkanIt 5.0 Microplate Readers RE, version 5.0.0.42. To determine the auxin concentration, a standard curve of auxin concentrations of 0, 5, 10, 15, and 20 mg L−1 was obtained, and a linear regression equation was fitted. Three biological replicates were used, each with three technical replicates.




2.4. 16S DNA Gene Sequencing of Isolated Microorganisms with Higher IAA Production


The isolates selected due to the higher production of auxin were identified by the 16SrDNA sequencing technique. In total, five microorganisms were identified using this technique. The genomic DNA was extracted with the Wizard® Genomic DNA Purification Kit, from 10 mL of the bacterial isolates added in a nutrient broth medium for 48 h, under agitation. Two forward primers, 27f (AGA GTT TGA TCM TGG CTC AG) and 515f (GTG CCA GCM GCC GCG GTA A), and a reverse primer 1492r (CGG TTA CCT TGT TAC GAC TT) were used for amplification of the 16S ribosomal gene [52]. Each 30 µL of the final volume of each reaction was composed of: 6.0 µL of the 5x FIREPol® Master Mix (12.5 mM MgCl2, 0.4 M Tris-HCL, 0.1 M. (NH4)2SO4, 0.1% w/v Tween−20 and 1 mM dNTPs of each nucleotide), 0.9 µL of the forward primer (10 mM) and 0.9 µL of the reverse primer (10 mM), 19.7 µL of H2O nuclease-free and 2.5 µL of gDNA (10 ng µL−1). The reactions were distributed in 0.2 mL microtubes and conducted to the SimpliAmp™ thermal cycler, programmed with the following conditions: 95 °C for 2 min, 30 cycles of 95 °C for 30 s, 55 °C for 30 s and 72 °C for 1 min and 40 s, ending at 72 °C for 5 min and 4 °C until electrophoresis on 1% agarose gel.



The products resulting from the PCR were purified with 3.0 M sodium acetate and 95% ethanol, in the proportions of 0.1 and 2.5× the reaction volume used, respectively. The Sanger reaction, from the purified PCR products, was done with the BigDye terminator (PE Applied Biosystems) and the samples were read with ABI 3730xL DNA ANALYZER 48 capillary sequencer (PE Applied Biosystems).



The sequences obtained were aligned in irrigated the Bioedit software and compared with the sequences deposited in the GenBank database, using the BLAST tool from the National Center for Biotechnological Information (NCBI). The multiple sequences obtained in BLAST were aligned in the MEGA-X software using the ClustalW package tool. The nucleotide replacement method was Hasegawa-Kishino-Yano, and the phylogenetic analysis was performed using the maximum likelihood method with 500 bootstrap replications.




2.5. In Vitro Inoculation


After selection of the most promising bacteria, they were evaluated according to their ability to promote plant growth in vitro, especially regarding their potential to induce rooting. In order for this test to be carried out, the bases of the explants were dipped for 30 min in NB solution (5 g L−1 peptone and 3 g L−1 yeast extract) containing bacteria at a population density of approximately 108 CFU mL−1. After 30 min, the bases of the explants were dried in sterile absorbent paper and transferred to tubes containing 20 mL of MS medium, with 30 g L−1 sucrose, 5.5 g L−1 agar, pH adjusted to 6.0 [49]. The material was transferred to a growth chamber with a controlled temperature of 26 °C, and a 16 h photoperiod (40–56 μmol m−2 s−1) where it remained for 35 days. Subsequently, the following parameters were evaluated: number of leaves and roots, length of shoots and roots, and total fresh weight and dry weight.




2.6. Acclimatization


After 35 days of in vitro growth, both rooted and unrooted plants from all treatments were removed from the test tubes, and their base was washed with tap water to remove the agar remnants. Subsequently, the plants were transferred to plastic cups (200 mL) containing vermiculite. The acclimatization process occurred at a temperature of 24 ± 2 °C, and a photoperiod of 16 h (40–56 μmol m−2 s−1) for 60 days. The substrate was irrigated periodically with sterile distilled water. After this period, the following parameters were evaluated: number of leaves and roots, length of shoots and roots, and total fresh weight and dry weight.




2.7. Ultrastructural Analysis by Scanning Electron Microscopy


Scanning electron microscopy was used to observe the presence of bacteria in the plants after treatment in vitro. Plants were fixed in Karnovsky solution (2.5% glutaraldehyde, 2.0% paraformaldehyde in 0.05 M sodium cacodylate buffer, 0.001 M CaCl2, pH 7.2). After fixation, the standard protocol described by Bozzola & Russel [53] was used with some modifications. The samples were collected from the fixative and placed in glycerol for 30 min. Subsequently, they were cut in liquid nitrogen (cryofracture), followed by three washes in distilled water and dehydration in acetone series (25%, 50%, 75%, 90% once, and 100% 3 times). After dehydration, the samples were taken to a Balzers CPD 030 critical point dryer to replace the acetone with CO2 and to complement drying. The samples were mounted on stubs with carbon tape on aluminum foil and covered with gold in a Balzers SCD 050 sputter coater, for later observation under an LEO EVO 40 scanning electron microscope [54].




2.8. Experimental Design and Statistical Analyses


A completely randomized experimental design was used, with eight treatments containing 20 in vitro replicates and 20 replicates evaluated during the acclimatization period. The plants were inoculated with treatments that consisted of the five bacterial isolates with the highest IAA production identification through the DNA 16S gene (Acinetobacter septicus strain 23—CCMA2026, Buttiauxella sp. strain 27—CCMA2030, A. ursingii strain 24—CCMA2027, A. ursingii strain 25—CCMA2028, A. ursingii strain 26—CCMA2029) and two controls (synthetic auxin and zero control). The R software was used to perform the statistical analyses, through which the Shapiro-Wilk test was performed to assess the normality of the data at a significance level of 5%. ANOVA was applied to the data that exhibited a normal distribution, comparing the means by the Tukey test (5%). For data that did not have a normal distribution, the Kruskal-Wallis test was used and a comparison was performed using the Nemenyi test.




2.9. Experiment Workflow


Figure 1 shows the experiment workflow.





3. Results


3.1. Isolation and Identification Using MALDI-TOF MS of Endophytic Bacteria in Pyrus communis Rootstocks


In total, 56 isolates were identified belonging to the following species: Acinetobacter ursingii, Bacillus subtilis, and Micrococcus luteus. A low diversity of microorganisms cultivable in culture medium was observed, with a predominance of the genus Acinetobacter. For the ‘OHxF87′ rootstock, 94.48% of the microorganisms isolated were identified as being Acinetobacter ursingii, a species that also corresponded to 100% of the microorganisms isolated from the ‘PDW’ rootstock. (Figure 2).




3.2. Selection of IAA-Promoting Bacteria


Among the 56 microorganisms identified in total, 17 strains were able to produce auxin to some extent, corresponding to 30.35% of the total isolates. The five strains with the highest production were then selected for in vitro inoculation. The IAA concentrations on the selected ones ranged from 8.60 to 19.48 mg L−1 after 24 h of culture (Table 1).




3.3. 16S DNA Gene Sequencing of Isolated Microorganisms with Higher AIA Production


Among the microorganisms analyzed, those that showed the highest production of IAA in vitro were identified, using the 16S rDNA gene sequencing technique. Comparing the data obtained in the blast with the NCBI database, a phylogenetic analysis was performed to assist in the identification and classification of microorganisms. The bacteria identified and their respective percentages of homology were A. septicus strain 23 (97.79%); A. ursingii strain 24 (99.43%); A. ursingii strain 25 (94.40%); A. ursingii strain 26 (98.74%) and Buttiauxella sp. strain 27 (84.77%) (Figure 3).




3.4. Evaluation of In Vitro Inoculation: In Vitro Development and Acclimatization


Considering the results obtained for the rootstock ‘OHxF87′, there were differences in the percentage of survival with and without inoculation of microorganisms. The survival of plants with in vitro inoculation of A. septicus strain 23 and A. ursingii strains 24, 25, and 26 was higher than the rate observed in the treatment with synthetic auxin. The bacterial strains 23 and 25 resulted in 80% in vitro survival, while strains 24 and 26 showed an in vitro survival rate of around 70%. For synthetic auxin, the in vitro survival rate was 35% (Figure 4).



The high survival rates persisted during the acclimatization period, where strains 23, 24, 25, and 26 of Acinetobacter sp. showed higher survival rates than the treatment composed of synthetic auxin (40% survival rate), especially strains 23 and 26, with a 90% rate of seedling survival.



The in vitro shoot length was longer in plants treated with a synthetic auxin, with an average of 38 mm. The plants inoculated with A. septicus (strain 23) and A. ursingii (strain 24) were very similar to the treatment with IBA, with averages of 30 and 35 mm, respectively. During the acclimatization phase, the plants treated with IBA had a longer shoot length, with an average of 46 mm. The bacterial strains did not differ from each other in terms of shoot length, with averages between 34 and 38 mm (Figure 4).



For the number of leaves emitted during in vitro cultivation, strain 23 (A. septicus) stood out with the highest average among treatments, where it presented an average of 15 leaves, while inoculation with strains 24, 25, and 26 of A. ursingii, as well as the zero control, produced only around 10 leaves per seedling. During the acclimatization phase, there was no statistical difference in the number of leaves emitted between treatments (Figure 4).



Regarding in vitro root system formation, A. ursingii strain 24 promoted the longest root length, ranging between 10 and 15 mm, statistically differing from the other bacterial strains (23, 25, and 26), the treatment with IBA, and the zero control for the rootstock ‘OHxF87′. During the acclimatization phase, treatments submitted to contact with synthetic auxin and colonization by strain 24 of A. ursingii showed longer roots, with an average of 48 mm. Strains 23 (A. septicus), 25, 26 (A. ursingii), and the zero control did not differ from each other in the statistics, reaching an average length of 38 mm. (Figure 4).



During the in vitro cultivation, the number of leaves between treatments did not differ in the statistics, with two roots emitted per seedling, on average. Considering the highest variation observed in the number of roots for strains 24 and 26 of A. ursingii, it is possible to observe the appearance of up to seven roots per seedling. In the acclimatization phase, the treatment containing synthetic auxin and the one inoculated with strain 23 of A. septicus produced the best results, with an average of 14 and 8 leaves respectively, values that do not differ in statistics (Figure 4).



As for the accumulation of dry mass, during in vitro cultivation, there was no statistical difference between any of the treatments, all with an average of 0.025 g. In the acclimatization phase, the treatment consisting of the application of synthetic auxin produced better results, but it was closely followed by the treatment in which the ‘OHxF87′ rootstocks were colonized by strain 24 of A. ursingii, with averages of 0.24 and 0.14 g, respectively. Disregarding the variations between repetitions, strain 23 (A. septicus) presented the worst result, because, in none of the treatment repetitions, the dry mass exceeded 0.05 g. The treatments that correspond to the contact with strains 25 and 26 of A. ursingii and the zero control were also statistically identical, with means varying between 0.10 and 0.15 g (Figure 3).



Regarding the rootstock ‘PDW’, the addition of synthetic auxin and microorganisms significantly reduced the survival rate of seedlings in the in vitro cultivation phase. A. ursingii strain 25 presented the worst survival rate at this stage, with only 50%, showing the opposite effect of that observed for the same strain in the acclimatization phase. A. ursingii strain 25 induced 100% survival of pear seedlings submitted to acclimatization, contrasting both with the 25% achieved by the addition of synthetic auxin and with the survival rates below 80% observed in the other isolates (Figure 5).



As for the in vitro shoot length, the application of synthetic auxin and the inoculation of strains 23 of A. septicus and 24 of A. usringii produced slightly better results, around 30 mm, than the zero control and strains 25 and 26 of A. ursingii, with averages around 26 mm. In the acclimatization phase, synthetic auxin and strain 24 of A. ursingii showed longer shoots, with an average of 45 mm, contrasting with the values close to 30 mm obtained in the zero control and the inoculation with strains 23 of A. septicus, 25, and 26 of A. ursingii (Figure 5).



The A. septicus strain 23 provided seedlings with more leaves, averaging around 14 per seedling, while the application of synthetic auxin and inoculation with A. usringii strains 24, 25, and 26 did not produce seedlings with a number of leaves greater than 10 in the in vitro cultivation phase. There was no statistical difference in the number of leaves obtained in the acclimatization, for any of the treatments to which the ‘PDW’ rootstock was submitted (Figure 5).



For the longest root length, there was no statistical difference between the values obtained in each treatment, both in in vitro cultivation and in the acclimatization phase. In both phases evaluated, the number of roots was higher in plants submitted to treatment with a synthetic auxin, both with an average of eight roots per seedling. In in vitro cultivation, none of the bacterial isolates showed a statistical difference regarding the number of roots emitted, when compared to each other, with emission of up to two roots per seedling. In the acclimatization phase, strains 24 and 26 of A. ursingii produced seedlings slightly more similar to those produced by direct contact with synthetic auxin. For the dry mass, in none of the phases, there was a significant difference between the treatments to which the ‘PDW’ rootstock was submitted (Figure 5).



None of the evaluated rootstocks supported colonization by Buttiauxella sp. (strain 27), since there was no survival of plants that came into direct contact with a pure population of this microorganism.




3.5. Ultrastructural Analysis by Scanning Electron Microscopy


In the Figure 6 are the electron micrographs showed the presence of microorganisms Acinetobacter septicus strain 23 (a); Acinetobacter ursingii strain 24 (b); A. ursingii strain 25 (c); A. ursingii strain 26 (d) of the ‘OHxF87′ rootstock after in vitro development and before the acclimatization period. No colonies were found in the treatment that consisted of synthetic auxin control, or zero control for this rootstock.



However, for the ‘PDW’ rootstock, the electron micrographs revealed the presence of bacteria in treatments with A. ursingii strain 24 and A. ursingii strain 26, in addition to colonies in the negative control and in synthetic IBA. No bacterial colonies were found in the portion observed for the treatments with A. septicus strain 23 and A. ursingii strain 25 (Figure 7).





4. Discussion


The objective of this work was to isolate and identify the endophytic microorganisms capable of producing auxin in the rootstocks of two pear cultivars. After identifying the isolates with the highest auxin production, the objective was to use them as an inoculant, in order to compare their effect on in vitro rooting and acclimatization of the two rootstocks, with the effects of the addition of synthetic auxin. An effect similar to that of the addition of synthetic auxin was observed for several agronomic traits evaluated after in vitro cultivation and acclimatization.



4.1. Isolation and Identification of Endophytic Bacteria in Pyrus communis Rootstocks


In the process of plant micropropagation, the absence of microorganisms is expected, as it is guaranteed by the aseptic culture processes; however, the results showed that even in these controlled conditions, microorganisms may be present, as also observed by Pirtillä et al. [26] and Pohjanen et al. with Pinus sylvestris and by Quambusch et al. [24,25] with Prunus avium.



Because in vitro culture was performed under controlled conditions, there was no possibility of interactions with the complex microbial community that naturally occurs in the soil, which explains the low microbial diversity found in the studied genotypes. The same was observed in a study conducted by Quambusch et al. [25] with six P. avium genotypes, where only five morphologically distinct isolates were identified from plants derived from tissue culture. The genus Acinetobacter is ubiquitous in nature and can be isolated from soil and/or water, and its high concentration, to the detriment of other genera, may be linked to its resistance to antibiotics and heavy metals [55,56,57].




4.2. Selection of IAA-Promoting Bacteria


The colonization of plants by these microorganisms may be related to the innate difficulty of woody plants in emitting adventitious roots. Plants and bacteria, as well as other living organisms, create symbiotic relationships to meet the needs of both. The production of auxin by microorganisms enables and facilitates the symbiosis between plants and microorganisms, since this compound is very important for the growth and development of plants [33,34], which is one of the most used mechanisms to explain the positive effects of plant growth-promoting bacteria [31,32].



Tests of in vitro production of auxins showed that 17 isolates have, to some degree, the ability to produce this phytohormone. Different bacteria with this ability have been identified, such as Azospirillum brasilense [39], Bacillus megaterium [38], Bacillus siamensis [37], Bacillus methylotrophicus [58], Pseudomonas veronii [45], Acinetobacter johnsonii [59], and Acinetobacter baumannii [42]. The auxin production is variable and dependent on the microorganism’s cultivation conditions. In an assay carried out with A. johnsonii, the production of auxin among the strains varied between 10.12 and 126.97 μg mL−1 in the different cultivation conditions studied [59].



The genus Acinetobacter, predominant among the bacteria identified in the evaluated rootstocks, is also widely found in the environment. In addition to the auxin production demonstrated in this work, species belonging to this genus were also described regarding their ability to fix nitrogen, solubilize minerals, and produce siderophores, characteristics that are desirable for plant growth promoters [60].




4.3. Evaluation of In Vitro Inoculation: In Vitro Development and Acclimatization


The results showed different responses to the same treatments among the evaluated genotypes. The treatment of rootstocks with bacterial isolates showed the same efficiency as the treatment with synthetic auxin for the different variables analyzed and allowed good development during the period of acclimatization of the seedlings. In a study investigating the vegetative growth of strawberries (Rosaceae), Andrade et al. [61] also observed that the use of growth-promoting bacteria, such as Azospirillum brasilense, Burkholderia cepacia, and Enterobacter cloacae, promoted shoot growth similar to that found in plants cultivated with fertilizers. The similarities observed between chemical and biological fertilizers allow the adoption of microorganisms to reduce production costs and improve the sustainability of the cultivation process.



Shoot growth and leaf formation are essential for plants, since individuals with more leaves, under ideal conditions, have a higher photosynthetic capacity, which benefits their growth and development [62]. For these variables, the strains 24 and 26 of A. ursingii, and 23 of A. septicus contributed to the formation of shoots in the evaluated clones. In addition, auxin-producing bacteria have been used especially to stimulate seed germination and accelerate root growth [63,64,65].



Other studies have also reported positive results for the in vitro rooting of woody plants from the Rosaceae family. Larraburu et al. [44] used a combination of synthetic microorganisms and auxins for the rooting of Photinia. These authors observed a key role of microorganisms in the root organogenesis of the plants, proposing an alternative protocol for micropropagation of the species. In Prunus avium, the use of Rhodopseudomonas sp. and Microbacterium sp. promoted in vitro rooting rates that were higher than zero control, ranging between 30 and 92.5%, and the formation of 0.7 to 7.2 roots depending on the cultivar [25]. The use of microorganisms such as Pseudomonas veronii R4 and P. fluorescens CHA0, both of which can synthesize IAA, also induced in vitro root formation in grape leaves [44,45].



Furthermore, ex vitro experiments showed that the success of acclimatization of P. communis plants depends on hormonal stimuli, as can be observed in the studies by Aygun & Dumanoglu [10], and Lizárraga et al. [66], and in the acclimatization of Musa spp. with Buttiauxella agrestis [67]. The results found in this work regarding the rooting of rootstocks confirm the findings of Quambusch et al. [25], who showed that the manipulation of the endogenous bacterial population, through their inoculation as growth promoters, has a similar effect to the use of synthetic auxin. Therefore, the use of microorganism-plant interactions and their mechanisms, such as auxin production, can lead to an improvement in plant survival and growth promotion during critical phases of plant tissue culture.




4.4. Ultrastructural Analysis by Scanning Electron Microscopy


The best results regarding plant growth and rooting were obtained with the A. ursingii strains 24 and 25 for ‘OH×F87′ rootstock. Electron micrographs showed the presence of bacteria in ‘OH×F87′ rootstocks that received treatments with the microorganisms. Bacteria’s presence close to the stomata can be observed, including inside them, similarly to what was observed by Gilbert et al. [68].




4.5. General Discussion


The results found during acclimatization corroborate evidence showing that rooting induction is not only related to the inoculation of microorganisms since even plants that did not have roots during in vitro growth showed good development and rooting in the ex vitro phase. The induction of ex vitro rooting may also be related to the increase in the plant’s metabolic activity, since acclimatized plants have a higher amount of plant tissue, and consequently more photosynthetic area. Therefore, an increase in primary and secondary metabolism is to be expected because of higher net photosynthesis.



The results found in this work suggest that the inoculation with microorganisms enabled growth similar to that promoted by synthetic auxin in pear plants, which can make them a potential substitute for the artificial auxin used in vitro. Some microorganisms increased the survival rate of the plants, especially during the acclimatization phase. Additional research can be done in order to refine the methodology, and the understanding of the use of beneficial microorganisms in vitro. However, based on our results, we can predict that this new approach can bring benefits for plant producers by reducing costs associated with the micropropagation process, especially regarding the purchase of synthetic auxin, and by improving the quality of the clones propagated through this system.





5. Conclusions


Based on this study, it can be concluded that it is possible to promote the growth and emission of roots in pear rootstocks, through a modulation of the endophytic microbial population prior to the introduction of the explant into the in vitro culture medium. From the inoculation with bacteria identified as capable of producing auxin, it was possible to obtain results similar to the treatment of materials with auxin with regard to rooting of the rootstocks. This process can be used to replace the inclusion of synthetic auxin in the production chain of vegetatively propagated woody fruits, such as pears.



None of the bacterial isolates tested was notably more promising, but the general similarity of treatments containing A. septicus and A. ursingii strains with the treatment with a synthetic auxin, suggests the possibility of its use on a large scale, allowing the adoption of a method cheaper for rooting rootstocks.



This work opens the way for new research using microbial isolates already described as the most promising in the production of plant hormones and growth promotion in general, also including research in the improvement of microbial strains exclusively focused on the production of auxins for agriculture. The constant search for low-cost agricultural systems with less environmental impact also generates demand for lower-cost microorganism cultivation techniques, such as low-cost means obtained from agro-industrial residues.
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Figure 1. Experiment workflow. 
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Figure 2. Microbial community isolated from in vitro plants of Pyrus communis and identified using MALDI-TOF MS. 
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Figure 3. Phylogenetic analysis of auxin-producing microorganisms using 16S rDNA gene sequencing technique. Microorganisms followed by an asterisk * correspond to the five strains with the highest auxin production, which were used in the inoculation. 
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Figure 4. Boxplot and statistical tests for in vitro inoculation and acclimatization of ‘OH×F87′ rootstock. Legend: Statistics: T—means followed by the same letter do not differ by the Tukey test at the 5% confidence level; KN—means followed by the same letter do not differ by the Kruskal-Wallis-Nemenyi test at the 5% confidence level. Lowercase letters indicate significant differences. 
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Figure 5. Boxplot and statistical tests for in vitro inoculation and acclimatization of ‘PDW’ rootstock. Legend: Statistics: T—means followed by the same letter do not differ by the Tukey test at the 5% confidence level; KN—means followed by the same letter do not differ by the Kruskal-Wallis-Nemenyi test at the 5% confidence level. Lowercase letters indicate significant differences. 
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Figure 6. Electron micrograph of the ‘OhxF87′ rootstock after in vitro development. Acinetobacter septicus strain 23 (a); Acinetobacter ursingii strain 24 (b); A. ursingii strain 25 (c); A. ursingii strain 26 (d). 
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Figure 7. Electron micrograph of the ‘PDW’ rootstock. Acinetobacter ursingii strain 24 (a); Acinetobacter ursingii strain 26 (b); no inoculation no IBA (c); syntetc auxin (IBA) (d). 
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Table 1. Production of auxin by bacteria isolated from pear (Pyrus communis) rootstocks ‘OH×F87′ an ‘PDW’.
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	Microorganisms
	Rootstocks
	IAA Production (mg L−1)





	Acinetobacter septicus strain 23 *
	‘OH×F87′
	19.48



	Buttiauxella sp. strain 27 *
	‘OH×F87′
	10.82



	Acinetobacter ursingii strain 24 *
	‘PDW’
	10.16



	Acinetobacter ursingii strain 25 *
	‘PDW’
	8.99



	Acinetobacter ursingii strain 26 *
	‘OH ×F87′
	8.60



	Acinetobacter ursingii strain 5 **
	‘PDW’
	7.61



	Acinetobacter ursingii strain 6 **
	‘PDW’
	6.50



	Acinetobacter ursingii strain 7 **
	‘OH×F87′
	5.55



	Acinetobacter ursingii strain 8 **
	‘OH×F87′
	5.16



	Acinetobacter ursingii strain 9 **
	‘OH×F87′
	4.00



	Acinetobacter ursingii strain 10 **
	‘OH×F87′
	3.44



	Acinetobacter ursingii strain 11 **
	‘OH×F87′
	2.89



	Acinetobacter ursingii strain 12 **
	‘OH×F87′
	2.45



	Acinetobacter ursingii strain 13 **
	‘OH×F87′
	2.06



	Acinetobacter ursingii strain 14 **
	‘OH×F87′
	1.78



	Acinetobacter ursingii strain 15 **
	‘OH×F87′
	1.39



	Acinetobacter ursingii strain 16 **
	‘OH×F87′
	1.28







* Microorganisms identified through 16 S. ** Microorganisms identified through MALDI-TOF.
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