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Abstract

:

Rhizobia are able to convert dinitrogen into biologically available forms of nitrogen through their symbiotic association with leguminous plants. This results in plant growth promotion, and also in conferring host resistance to different types of stress. These bacteria can interact with other organisms and survive in a wide range of environments, such as soil, rhizosphere, and inside roots. As most of these processes are molecularly mediated, the aim of this research was to identify and quantify the exo-metabolites produced by Rhizobium etli CFN42, Rhizobium leucaenae CFN299, Rhizobium tropici CIAT899, Rhizobium phaseoli Ch24-10, and Sinorhizobium americanum CFNEI156, by nuclear magnetic resonance (NMR). Bacteria were grown in free-living cultures using minimal medium containing sucrose and glutamate. Interestingly, we found that even when these bacteria belong to the same family (Rhizobiaceae) and all form nitrogen-fixing nodules on Phaseolus vulgaris roots, they exhibited different patterns and concentrations of chemical species produced by them.
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1. Introduction


Exo-metabolomics may contribute to the understanding of the bacteria communication mechanisms through the study of the small-molecules excreted by the cells under determined conditions [1]. In addition, it can provide useful information on the bacterial uptake or release of nutrients in culture media, which provides useful insights to study bacterial physiology, functional genomics, and strain characterization at molecular level [2,3].



Rhizobia are gram-negative nitrogen-fixing bacteria, belonging to the Rhizobiaceae family widespread in soils and employed in agriculture as biofertilizer. Rhizobia form symbiotic associations with leguminous plants promoting their growth through the formation of root nodules, inside which they reduce dinitrogen providing ammonia to their hosts [4]. This interaction is mediated by signaling molecules and metabolic pathways [5], which help in sensing the micro-environmental conditions in the host, and also allow rhizobia to respond to stress conditions and benefit the host by playing a role in immunity [6].



Most rhizobia are endosymbionts of leguminous plants, where they enter into the root and form new organs called nodules in a biochemically orchestrated process. The infection process occurs mainly through two mechanisms: the entrance of rhizobium by a fissure in the root tissue, or mediated by flavonoids and nodulation factors, which is the most common [7]. Once inside the root, the differentiation of the epithelium starts to subsequently form nodules. In addition, a peribacteroid plant-derived membrane is created and rhizobia differentiate into bacteroids, the nitrogen-fixing form of the bacteria. The nitrogen fixation process requires a huge amount of energy obtained from adenosine triphosphate (ATP) molecules, to reduce the nitrogen to ammonia, via the nitrogenase enzyme complex in which several steps of electron transfer occur [8].



These bacteria can survive in soil and rhizosphere [9], and some of them in contaminated soils [10,11]. Thus their interactions are not only restricted to the hosts, but also occur with predators and other rhizobia. This symbiotic association may be host-specific [12]. However, some legumes are nodulated by multiple bacterial strains, thus selection of highly effective ones is important in the development of biofertilizers [13].



Recently, rhizobia have been tested for growth promotion of non-leguminous plants that may be used for feed or biofuels [9]. Rhizobia can establish associations with rice, maize, wheat, and other cereals, sometimes as endophytes, without nodule formation, promoting plant growth [14]. Biofertilizers based on rhizobia are becoming an effective tool for sustainable agriculture of leguminous and non-leguminous plants, by substituting for some agrochemicals. Therefore, the identification of their exo-metabolites is needed because they are crucial in the symbiotic association, communication with other organisms, and as growth substrates in the rhizosphere and soil niche [15,16]. There is also a great lack of knowledge in this area.



Significant advances in nuclear magnetic resonance (NMR) sensitivity by the development of associated tools, such as cryoprobes that increase the sensitivity by around 20-fold, have opened the possibility of identifying and quantifying a broad range of natural compounds [17,18]. It has benefited the emergence of new fields such as microbial metabolomics [19,20], and in particular the study the exometabolomes of bacteria without requiring chemical extractions or derivatizations of the samples [3,21,22,23,24,25]. This non-destructive and highly reproducible technique can detect a wide range of structural diverse compounds at micromolar concentrations [26]. NMR and mass spectrometry (MS) are widely used techniques for metabolomics and exo-metabolomics [27,28,29,30]. However, they both have different analytical strength and weaknesses [27]. We used an 1H-NMR exo-metabolomics approach in this article [19]. This quantitative technique analyzes structurally diverse compounds in a single run at nearly room temperature [20]. In addition, NMR offers enormous benefits in terms of simple sample preparation that is important in microbial metabolomics, as bacterial matrices usually contain compounds that interfere with derivatization [31], sample processing, and analysis [32]. Other benefits of NMR-based exo-metabolomics compared to MS is its nondestructive and nonequilibrium perturbing technique [27], as well as its high reproducibility and quantification power [28].



For many years our focus on rhizobial research has been on the nitrogen-fixing symbionts of Phaseolus vulgaris (widely consumed as grains for human nutrition), especially Rhizobium phaseoli, R. etli, R. tropici and R. leucaena. Sinorhizobium americanum, though isolated from acacia plants, is capable of forming nitrogen-fixing nodules in common bean plants. We chose all of them to evaluate if there were convergent excreted molecules due to their sharing a legume host. Exo-metabolite analysis by Nuclear Magnetic Resonance (NMR) is a novel approach in P. vulgaris symbiont research.




2. Results


2.1. Bacterial Growth and Sample Preparation


A growth curve (OD600) and colony forming units (CFUs, Figure S1) of the rhizobial strains cultured in liquid minimal medium (MM) at 30 °C and 250 rpm) were used to determine adequate time points for sampling. Based on the data, two time points were selected, one at exponential or late exponential phase (24 h) and the other at stationary phase (50 h). The CFUs of all the strains were above 2 × 108 CFU/mL at both sampling times, except for R. phaseoli Ch24-10 at 50 h of growth with 5.0 × 107 CFU/mL.




2.2. Exo-Metabolite Identification by NMR


A total of 37 molecules were detected in the samples by 1H NMR, of which nine were from the liquid minimal medium (MM) and 28 corresponded to exo-metabolites solely present in rhizobia extracellular supernatants. The chemical shift of the compounds used for identification purposes are presented in Table S1.



Representative 1H NMR spectra for the rhizobial strains and reference culture medium at 24 h of growth are shown in Figure 1.



The recorded 1H NMR spectra of extracellular cultures of the five strains at 50 h exhibited a significant variation of the signals, with a clear decrease of sucrose in some of them. Methanol, and other compounds such as malonate, alanine, and threonine, appear to be present at 50 h but not at 24 h for some strains. Representative spectra of the exo-metabolites and reference MM at 50 h is presented in Figure 2; the numbers represent those molecules that were not present in the spectrum of the same strain at 24 h.



2D-NMR recorded spectra were analyzed with Chenomx (Chenomx Inc., Edmonton, AB, Canada) for accurate assignment and identification of the exo-metabolites. This was exceptionally useful in crowded regions to clarify the multiplicity and number of signals through 2D J-resolved spectra (JRES) spectra, as well as to determine the association between peaks. Lactate, aspartate, sucrose, glutamate, and pyroglutamate were confirmed by the correlation of signals in correlation spectroscopy (COSY) NMR spectra (Figure S2).




2.3. Statistical Analysis


Certain molecules appeared and others were not detected or changed their concentration at 50 h in contrast with the NMR data recorded at 24 h of growth. In order to better visualize this, a heatmap with clustering trees on top is presented in Figure 3, which is based on the exo-metabolites concentrations determined by Chenomx (Chenomx Inc.) using 1H NMR spectra (Tables S2 and S3).



To evaluate variations between biological replicates and the extracellular medium of the different rhizobial strains according to their NMR spectra, a multivariate analysis was carried out. Principal component analysis (PCA) and orthogonal partial least squares-discriminant analysis (OPLS-DA) of 1H NMR spectra showed a clear discrimination between MM (negative-control) and samples (Figure 4B), with a R2X (cum) of 0.981 and 0.999, and Q2 (cum) of 0.957 and 0.841, respectively. The sample corresponding to R. leucaenae CFN 299 was different from the others, with the lowest concentration of sucrose and glutamate, which are two of the most concentrated molecules in the rest of the samples (Figure 3).



One-dimensional analysis of variance (ANOVA) showed that significant differences existed in the concentrations of the detected compounds at 24 h, except for ethanol, N,N-dimethylglycine and pyroglutamate, which are suspected to be impurities of the MM. In addition, Tukey’s HSD post-hoc tests with 95% confidence interval were used to evaluate the concentration differences in molecules detected in both MM and bacterial supernatants (Table S4).





3. Discussion


The increase in NMR sensitivity allows the study of microbial exo-metabolomes without requirements of extraction or derivatization of the samples. In this research, we identified and quantified the extracellular metabolites of five rhizobial strains by NMR, with the minimum concentration of a detected compound at 0.018 mg/L. Most of the identified compounds were related to fermentative metabolism and stress resistance.



The exo-metabolomic profile of the distinct strains was found to be diverse, but remarkably related strains had a tendency to share common patterns, as observed in R. phaseoli and R. etli which are closely related species. However this is not observed in R. tropici and R. leucaenae, which belong to the tropici group, but belong to two different types having significant phenotypic differences [33]. It is notable that R. leucaenae exo-metabolites are notably different from the other rhizobial strains, maybe in relation to the optimal growth of the bacteria in the minimal medium that was originally designed to grow the R. leucaenae strain CFN299. A further analysis with more strains from each species will help to define if the exo-metabolomic profile is species or strain specific.



The only compound that was excreted by all of the tested rhizobial strains at 24 h was acetone at concentrations ranging from 0.21 to 0.34 mg/L. However, this was not detected or had lower concentrations in most of the strains at 50 h of growth. This product of bacterial fermentation, has also been reported as a microbial carbon source in some gram-positive bacteria [34]. Tartrate, a C4-dicarboxylate, was excreted by all the strains at 24 h except by Sinorhizobium americanum CFNEI156. On the other hand, aspartate was released in high amounts (0.74–16.58 mg/L) from all the strains except by R. leucaenae CFN299T. It has been observed that this amino acid stimulates nitrogen fixation of bacteroids isolated from soybean root nodules [35].



R. leucaenae CFN299 was the only strain that totally consumed the glutamate and sucrose provided in the MM at 24 h. Glutamate concentrations in the culture medium after 24 h were 505.73 to 635.38 mg/L, compared to 800.65 mg/L in the MM. In contrast, sucrose concentrations in the culture medium ranged from 275.31 to 626.78 mg/L at 24 h of growth. Besides R. leucaenae CFN299, R. tropici CIAT 899 was the strain with a low glutamate and sucrose concentration in the final medium.



Ornithine was only detected in the culture supernatant of R. tropici CIAT 899T at 24 h but not at 50 h. This finding is interesting as this strain produces ornithine containing membrane lipids, which are involved in symbiotic efficiency and resistance to stress conditions, such as acidity [36,37].



R. leucaenae CFN299 was the only strain in which methionine and S-adenosylhomocysteine were detected at 24 h, and the latter was also present at 50 h of growth. In some rhizobial strains, such as R. etli, methionine is required for growth and formation of effective nodules [38,39]. This amino acid is also used as a precursor of ethylene in plants, and has numerous benefits in plant growth and development [40]. Furthermore, methionine synthase involved in methionine synthesis [41] is annotated in the genome of R. leucaenae (WP_028752452.1). On the other hand, S-adenosylhomocysteine is used in the biosynthesis of the membrane lipid phosphatidylcholine by rhizobia [42].



Trehalose was found in Bradyrhizobium japonicum bacteroids [43,44] and in Phaseolus vulgaris nodulated plants associated with osmotic stress tolerance [45,46] indicating that trehalose is a product provided to the plant by the bacteria. Trehalose was identified in the culture supernatant of R. etli CFN42 at 24 h and the genes encoding enzymes of its biosynthetic pathway have been found in this strain and are likely to be present in most rhizobia [46]. Trehalose was also present in the culture medium of R. phaseoli Ch24-10 at 50h.



3-hydroxybutyrate was present in supernatants of R. tropici CIAT899 and S. americanum CFNEI156 at 24 h, as well as in R. phaseoli Ch24-10 at 50 h of growth. Poly-3-hydroxybutyrate is one of the major carbon storage compounds and affects nitrogen fixation in Rhizobium etli [47]. This compound has also been reported to be accumulated in some rhizobia in free-living state [48], and seems to be a potent cryoprotectant metabolite produced by several bacteria [49].



Caprylate, gluconate, and maltose were only detected in the culture supernatant of S. americanum CFNEI 156 at 24 h and 50 h of growth. Caprylate is used against envelope viruses [50], its sodium salt is an antifungal agent [51], and currently some production processes of this compound include chain-elongating bacteria [52]. Some bacteria such as Clostridium kluyveri can transform acetate and ethanol to short- and medium-chain fatty acids such as butyrate, caproate, and caprylate through chain elongation [53]. This is interesting, as we also found acetate in MM (0.2 mg/L) and in higher concentrations in the culture medium of all strains at 24 h (0.30–1.17 mg/L). Gluconate has been observed to be produced from rhizobium and other bacteria metabolism of glucose by glucose dehydrogenase [54], and is considered responsible for acidifying the rhizosphere [55].



Glucose-1-phosphate was present in CIAT899 and CFNEI156 supernatants at 24 h of growth and only in the latter at 50 h, with a decrease in concentration. Glucose-1-phosphate has been suggested as intermediate of exo-polysaccharide formation in rhizobia [56] and in some maltose-assimilating bacteria [57], which is interesting as maltose production was also found in S. americanum CFNEI156.



Malonate was present in R. leucaenae CFN299 and R. etli CFN42 supernatants at 24 h and at 50 h with a reduction in its concentration, and in R. phaseoli Ch24-10 at 50 h of growth. This compound is produced by plants and seems to have an important role in the legume symbiotic-association with rhizobia [58,59], and could be produced by a limited number of bacteria as a result of the degradation of pyrimidines and purines [60].



Dimethyl sulfone was detected in R. leucaenae CFN299, S. americanum CFNEI156, and R. etli CFN42 at 24 h, and only in CFN299 at 50 h. Sinorhizobium sp. KT 55 has been reported to use dimethyl sulfone and other compounds as a sole sulfur source, and the bacterium has been proposed as a bioremediator because of its desulfurization activity, and in particular the degradation of benzothiophene, useful in petroleum processing to avoid acid rain [61].



3-methylglutarate was present in R. leucaenae CFN299 and R. etli CFN42. Besides, 3-hydroxy-3-methylglutarate and lactate were detected in R. leucaenae CFN299 and R. tropici CIAT 899. Lactate is a byproduct of the carbon metabolism in rhizobia, as well as oxaloacetate, ethanol, malate, succinate, or L-alanine [62]. The gene encoding lactate dehydrogenase, an enzyme involved in producing lactate [63], is present in the genomes of R. leucaenae (WP_028754357.1) and R. tropici (WP_015341529.1). On the other hand, 3-hydroxy-3-methylglutarate has been proposed as a mediator in the synthesis of polyketides, such as mupirocin in Pseudomonas, using acetate as a starting material, with the involvement of other molecules such as S-adenosyl-methionine in the biosynthesis process [64]. This is interesting as it has been hypothesized that polyketides may have a role in the host specify association of rhizobia [65]. Furthermore, we found that the culture medium of R. leucaenae CFN299 at 24 h contains acetate, 3-hydroxy-3-methylglutarate, and S-adenosylhomocysteine, which is formed by the demethylation of S-adenosyl methionine. These metabolites could be involved in the formation of polyketides in this strain.



Some compounds were not detected in the culture medium of the strains at 24 h but at 50 h (Figure 2), and vice versa. Among the compounds that were detected at 50 h in contrast with the spectrum of the same strain at 24 h were: oxypurinol, UDP-glucose, phenylalanine, tyrosine, trehalose, methanol, malonate, alanine, threonine, 3-hydroxybutyrate, 3-hydroxyisobutyrate, and 3-methylglutarate. However, further studies are recommended to establish which of these molecules could be released by cellular lysis or through micro-vesicles secreted by rhizobia.



Oxypurinol is produced by CFN42 and maybe a scavenger of the highly reactive hydroxyl radical and a metabolite of allopurinol [66]. These products seem to be released in hypoxic conditions and inhibit the nitrogenase activity in established nodules of cowpea plants, which could be reversed by increasing the oxygen concentration [67]. In Escherichia coli, UDP-glucose acts as signaling molecule in the control of the expression of genes related to osmotic regulation and induction of the stationary-phase [68]. Phenylalanine is a precursor of flavonoids biosynthesis in plants [69]. Rhizobia are not tyrosine auxotrophs thus they have all enzymes to produce it. In addition, this amino acid has been described as a precursor in the synthesis of the black pigment melanine in R. etli CFN42 [70,71]. In agreement with that, we found this aromatic amino acid in the extracellular medium of CFN42, but also of Ch24-10 at 50 h. In other bacteria, glucose-1-phosphate and UDP-glucose have been reported to be intermediates in the biosynthesis of exopolysaccharides [72]. In addition, UDP-glucose 4-epimerase GalE (WP_012482602.1) and UTP-glucose-1-phosphate uridylyltransferase GalU (WP_041683936.1) have been found in Rhizobium sp., which may be involved in UDP-glucose biosynthesis [73]. Interestingly, all tested rhizobial strains produced methanol at 50 h of growth. This compound has been described as carbon source for the methylotrophic Methylobacterium [74].



The compounds consumed, transformed, or degraded by at least one strain at 50 h that were identified in the spectrum of the same strain at 24 h were glutamate, acetone, 3-hydroxyisovalerate, dimethyl sulfone, methionine, ornithine, glucose-1-phosphate, 2-oxoglutarate, 3-hydroxy-3-methylglutarate, lactate, homoserine, 3-hydroxybutyrate, glucose, and aspartate (Figure 3).



According to the heatmap and clustering tree generated in R using the concentrations of identified compounds (Figure 3), as well as the OPLS-DA analysis based on the metabolic footprinting of the strains (Figure 4), rhizobial strains exhibit commonalities and differences between them, not only in terms of the concentration ranges but in the compounds consumed and generated. Such differences between strains may be conferring them distinct phenotypical features. Some of the identified compounds are related to carbon metabolism, stress resistance, and symbiotic efficiency, among others. Further studies on the role of the released compounds of rhizobia in symbiosis, plant growth promotion, or bioremediation are needed. This first study of the exo-metabolites of rhizobia by 1H NMR opens the possibility to use similar approaches to identify exo-metabolites from rhizobia using different culture media composition or oxygen levels. A joint transcriptomic analysis would allow us to correlate bacterial gene expression with metabolite production.




4. Materials and Methods


4.1. Bacterial Growth and Sample Preparation


The nitrogen-fixing rhizobial strains used in this study were Rhizobium etli CFN 42T, Rhizobium leucaenae CFN 299T, Rhizobium tropici CIAT 899T, Rhizobium phaseoli Ch24-10, and Sinorhizobium americanum CFNEI 156T.



Each rhizobial strain was grown separately on peptone yeast (PY) agar (peptone, 5 g; yeast extract, 3 g; CaCl2, 0.6 g; agar, 18 g per L) for 2 days. They were precultured by triplicate in 30 mL of MM: K2HPO4 3.8 g/L, KH2PO4 3 g/L, sucrose 1 g/L, glutamate 1 g/L, MgSO4·7H2O 0.1 g/L, CaCl2 0.1 g/L, H3BO3 2.86 mg/L, ferric citrate 5 mg/L, MnSO4·4H2O 2.03 mg/L, ZnSO4·7H2O 0.22 mg/L, CuSO4·5H2O 0.08 mg/L and Na2MoO4·H2O 0.08 mg/L for 48 h at 30 °C with continuous shaking. Three biological replicates of final bacterial cultures were made by diluting the precultures 1:20 with fresh MM (OD600 ~ 0.1) to a final volume of 30 mL, and they were kept at 30 °C with continuous shaking. In order to select the sampling times, growth curves based on the optical density OD600 and colony forming units (CFU) were determined at 8 h, 24 h, and 50 h.



The rhizobial strains were precultured and cultured by triplicates following the previous protocol, and samples were taken at 24 h (exponential phase) and 50 h (stationary phase). A volume of 1.5 mL of the liquid bacterial cultures and MM incubated under the same conditions (control) were transferred to eppendorf tubes and centrifuged during 10 min at 4000 g, 1 mL of the supernatant was taken and lyophilized to dryness.




4.2. Exo-Metabolite Identification by NMR


The equipment we used was a 700 MHz NMR spectrometer equipment CryoProbe (Bruker, Fällanden, Switzerland) which improves the sensitivity and provides highly reproducible data, useful for multivariate statistical methods [31].



A total of 24 samples were processed: three biological replicates of the culture supernatants of five rhizobial strains and MM at 24 h, and one replicate of each at 50 h of incubation. The freeze-dried extracellular cultures and MM were separately dissolved in 600 µL of D2O sodium phosphate buffer 0.123M at pH 7.4 with 1 mM of sodium salt of trimethylsilylpropionic acid (TSP) as internal standard. NMR analysis was carried out on an Avance III HD 700 spectrometer at 298 K with a 1H frequency of 699.95 MHz (Bruker, Billerica, MA, USA) equipped with a 5-mm z-axis gradient TCI cryogenic probe.



1D 1H NMR spectra were acquired by using the standard NOESY-1D pulse sequence (Bruker program noesypr1d) that allows water suppression maintaining the intensity of most of the remaining signals [75]. Water resonance was irradiated during relaxation delay (RD) of 4.0 s and mixing time of 10 ms. Each spectrum consisted of 256 scans with 14 kHz spectral width, 64 k data points and an acquisition time of 2.3 s. An exponential line-broadening factor of 0.3 Hz was applied to the free induction decays (FID) before Fourier transformation.



Additionally, 2D-NMR experiments were carried out on representative samples to confirm chemical shift assignments, including JRES, COSY, total correlation spectroscopy (TOCSY), heteronuclear multiple bond correlation (HMBC), heteronuclear single quantum coherence spectroscopy (HSQC), and diffusion ordered NMR spectroscopy (DOSY).



NMR data were recorded using Topspin v 3.5.6 and processed using MestReNova v. 12.0 (MestreLab Research SL., Santiago de Compostela, Spain). Phase and baseline were corrected manually, and TSP chemical shift referenced to 0.000 ppm.



1H NMR raw data were used as input to Chenomx NMR Suite v. 8.31 (Chenomx Inc., Edmonton, AB, Canada) for identification and quantification of the extracellular metabolites in the rhizobial strains and the molecules present in the MM in each of the biological replicates at 24 h and 50 h of growth. Chenomx Processor was used to manually adjust the phase and baseline of each spectrum, with the following parameters, TSP concentration: 1 mM, pH: 7.4 ± 0.50 and line broadening: 0.30 Hz. Water regions were removed and the chemical shape indicator (CSI) adjusted to the TSP 1 mM peak. Once prepared, these spectra were charged to Chenomx Profiler for the identification of small-molecules based on the location of their resonances on the 700-MHz 1H-NMR spectra. This software is linked to a database containing the NMR spectral signatures of more than 250 compounds.




4.3. Statistical Analysis


Based on the quantification of the compounds in the extracellular culture medium by 1H NMR and Chenomx software v. 8.31 (Chenomx Inc., Edmonton, AB, Canada), heatmaps for exo-metabolites at 24 h and 50 h were built using the “heatmap.2” function of the gplots 3.0.1 library [76] of R version 3.5.1. [77]. Due to the broad dispersion of the data, the color breaks were set up according to quantiles, in which dark blue represent those molecules with the highest concentration. Dendrograms were added on top of the heatmaps for comparison purposes between strains.



Spectra of rhizobium strains and their replicates at 24 h were reduced to ASCII format. These were previously processed by MestreNova software v. 12.0 (MestreLab Research SL., Santiago de Compostela, Spain) through phase and baseline correction, normalization at TSP (0.000 ppm), water region suppression (4.730–4880 ppm) and superposition of the spectra. In the region from −0.5 to 10.0 ppm, 1H-NMR spectra were split in regions of width: 0.06 ppm, giving a total of 258 spectral segments per spectrum (bins) by using Chenomx software v. 8.31 (Chenomx Inc., Edmonton, AB, Canada). These data were used for multivariate analysis (MVDA) with SIMCA 14.1.0.2047 software (MKS Umetrics, Malmö, Sweden).



To identify differences in the exo-metabolomics profiles of the five rhizobial strains, principal component analysis (PCA), orthogonal partial least squares-discriminant analysis (OPLS-DA), and score plots of the binned spectral data were generated in SIMCA 14.1.0.2047 software (MKS Umetrics, Sweden) by pareto scaling. Data were organized in six classes—five strains and the control—and replicates were considered as observations of the same group. In addition, ANOVA and Tukey’s HSD post-hoc tests were performed in R version 3.5.1. [77] to evaluate if significant differences exist between the concentrations of the molecules detected in MM and bacterial supernatants. Outliers were removed.
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Figure 1. Representative 1H nuclear magnetic resonance (NMR) spectra (700 MHz, 298 K, TSP = 1 mM, D2O sodium phosphate buffer 0.123 M at pH 7.4) of minimal medium (MM) and rhizobial strain culture supernatants at exponential growth (24 h). Labeled metabolites: 1: Formate, 2: S-Adenosylhomocysteine, 7: Glucose-1-phosphate, 8: Sucrose, 9: Glucose, 10: Maltose, 12: Tartrate, 13: Pyroglutamate, 14: Gluconate, 15: Methanol, 16: Dimethyl sulfone, 17: Malonate, 18: Ornithine, 19: 2-Oxoglutarate, 20: N,N-Dimethylglycine, 21: Aspartate, 22: Glutamate, 23: Acetone, 24: Methionine, 25: Homoserine, 26: Acetate, 27: Alanine, 28: Threonine, 29: Lactate, 30: 3-Hydroxy-3-methylglutarate, 31: 3-Hydroxyisovalerate, 32: 3-Hydroxybutyrate, 33: Ethanol, 35: Valine, 36: 3-Methylglutarate, and 37: Caprylate. 
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Figure 2. Representative 1H NMR spectra (700 MHz, 298K, TSP = 1 mM, D2O sodium phosphate buffer 0.123M at pH 7.4) of MM and rhizobial strains culture supernatant at stationary phase (50 h), the compounds that were only detected at this sampling time in comparison to spectra of rhizobial strains at 24 h of growth are shown. Labeled metabolites: 3: Oxypurinol, 4: UDP-glucose, 5: Phenylalanine, 6: Tyrosine, 11: Trehalose, 15: Methanol, 17: Malonate, 27: Alanine, 28: Threonine, 32: 3-Hydroxybutyrate, 34: 3-hydroxyisobutyrate, and 36: 3-Methylglutarate. 
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Figure 3. Heatmap and clustering trees based on the concentration profiles of the molecules found in supernatants either produced by rhizobial strains or from the MM (devoid of bacteria) at: (A) 24 h and (B) 50 h of growth. 
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Figure 4. Score plots of (A) principal component analysis (PCA) and (B) orthogonal partial least squares-discriminant analysis (OPLS-DA) of the 1H NMR spectra of the five rhizobial strains and MM. 
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3-Hydroxy-3-methylglutarate
Glucose-1-phosphate
Maltose

2-Oxoglutarate

Trehalose
Homoserine
3-Hydroxybutyrate
Glucose
Gluconate
Aspartate
Pyroglutamate
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