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Abstract


The phenylpropanoid biosynthesis pathway is involved in the response of plants to stress factors, including microorganisms. This paper presents how free-living strains of rhizobacteria Pseudomonas brassicacearum KK5, P. corrugata KK7, Paenibacillus borealis KK4, and the symbiotic strain Sinorhizobium meliloti KK13 affect the expression of genes encoding phenylalanine ammonia-lyase (PAL), the activity of this enzyme, and the production of phenolic compounds in Medicago truncatula. Seedlings were inoculated with rhizobacteria, then at T0, T24, T72, and T168 after inoculation, the leaves and roots were analyzed for gene expression, enzyme activity, and the content of phenolic compounds. All bacteria affected PAL gene expression, in particular, MtPAL2, MtPAL3, and MtPAL4. Pseudomonas strains had the greatest impact on gene expression. The inoculation affected PAL activity causing it to increase or decrease. The most stimulating effect on enzyme activity was observed 168 h after inoculation. A varied effect was also observed in the case of the content of phenolic compounds. The greatest changes were observed 24 h after inoculation, especially with the KK7 strain. The influence of the studied rhizobacteria on the biosynthesis of phenolic compounds at the molecular level (expression of MtPAL genes) and biochemical level (PAL activity and content of phenolic compounds) was confirmed. The MtPAL3 gene underwent the most significant changes after inoculation and can be used as a marker to assess the interaction between M. truncatula and rhizobacteria. The Pseudomonas strains had the greatest influence on the biosynthesis pathway of phenolic compounds.
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1. Introduction


Plants live in a complex and dynamic microbial environment [1,2]. The microbiome (microbiota and their genomes) inhabits the soil, the rhizosphere, roots, and all plant tissues. So, it is no surprise that microorganisms play a key role in soil health, nutrient cycling, and plant growth and development. They also modulate the plant’s response to biotic and abiotic environments [2,3,4,5]. Plant–microbe interactions can be beneficial, neutral, or harmful, depending on the specific microbes involved and the context of the interaction [6,7].



Harmful interactions between plants and microbes can have serious consequences for plant and crop health. Pathogenic microbes can cause plant diseases, leading to stunted growth, reduced yields, and even death [8]. However, there are also many others that are beneficial for plants, like rhizobacteria (PGPRs: plant growth-promoting bacteria; PGPRs: plant growth-promoting rhizobacteria), which can improve plant growth and benefit the adaptation of plants to adverse conditions [9,10]. These bacteria can be used as biofertilizers (increase the availability of nutrients for plants), biostimulators (produce hormones or modify their levels in plants), and biopesticides (fight diseases mainly by producing antibiotics, antifungal metabolites, and fungal cell lysis enzymes and inducing systemic resistance) depending on their modes of action [10,11,12]. Bacteria can use single mechanisms to promote plant growth, but usually, multiple mechanisms are activated simultaneously [13]. Inoculation with beneficial microbes can improve plant growth and development, enhance nutrient uptake, and increase disease resistance [14]. For example, inoculation with plant growth-promoting rhizobacteria (PGPR) has been shown to improve the growth and yield of a wide range of crops, including wheat, soybean, maize, and others [11,15]. Inoculation with microbes can also help plants tolerate abiotic stress, such as drought or high salinity [16].



Plants respond to stress signals, both abiotic and biotic (including growth-promoting and plant-pathogenic microorganisms). Some of these reactions are local, while others are systemic in nature, trigger plant-wide defenses, and may lead to induced resistance. Depending on the type of elicitor, we distinguish two basic types of systemic resistance, SAR (Systemic Acquired Resistance), triggered by plant pathogens, and ISR, triggered by mutualistic microorganisms that colonize roots [14,17,18,19,20,21]. PGPRs induce early plant ISR events, including, but not limited to, increased expression of PR genes related to pathogenesis, increased activity of defense-related substances such as polyphenol oxidase, peroxidase, β-1,3-glucanase, and chitinase, and accumulation of reactive oxygen species as well as phenylalanine ammonia-lyase [22,23,24,25]. Phenylalanine ammonia-lyase (PAL) is the first and one of the key enzymes in the biosynthesis of phenolic compounds. PAL catalyzes the non-oxidative deamination of phenylalanine to trans-cinnamic acid and ammonia. Trans-cinnamic acid, in turn, is a common precursor of lignin, and the biosynthesis pathway of flavonoids, the phenylpropanoid pathway, is one of the most important pathways of plant metabolism and is responsible for the production of many secondary metabolites [26,27,28,29,30]. PAL activity depends on the developmental stage, the degree of differentiation of cells and tissues, and exposure to various stress stimuli. In addition, there are many reports of PAL stimulation by infection, mechanical trauma, UV radiation, drought, and temperature changes, as well as induction with methyl jasmonate or methyl salicylate [31]. Increased PAL activity has been correlated with increased production of phenylpropanoid compounds. These compounds, in turn, play defensive or signaling roles in the plant, including antibacterial activity and the synthesis of signaling compounds such as salicylic acid [31]. PAL occurs in all higher plants as well as in yeasts and fungi [32]. It is usually encoded by a small polygenic family of two to five members [33,34]. Four PAL isoforms have been detected in Arabidopsis thaliana L. [35,36], five in Populus [37], thirteen in Cucumis sativus L. [38] and Cucumis melo L., sixteen in Vitis vinifera L. [39], seven in Medicago sativa L. [40], and six in Medicago truncatula Gaertn [41].



The use of Medicago truncatula as a model organism offers several advantages for studying plant–microbe interactions and the phenylpropanoid pathway. Its short life cycle and ability to form symbiotic relationships with nitrogen-fixing bacteria make it a valuable tool for understanding the complex interactions between plants and microbes [42,43]. Additionally, the Medicago truncatula genome has been sequenced and is well annotated, making it a valuable resource for functional genomics and comparative analysis [44].



Understanding the interactions between plants and microbes is therefore crucial for improving plant health and disease resistance, as well as for developing sustainable agricultural practices. By studying the specific mechanisms of plant–microbial interactions, scientists can identify potential intervention targets and develop new strategies to improve yields and reduce the use of synthetic fertilizers and pesticides [45].



The study was aimed at examining the effect of inoculation with free-living and symbiotic rhizobacteria on the biosynthesis of phenolic compounds in Medicago truncatula plants, with particular emphasis on the expression of genes encoding PAL, PAL enzyme activity, and the total content of phenolic compounds in leaves and roots. It was hypothesized that inoculation with different strains of rhizobacteria would affect the pathway of biosynthesis of phenolic compounds, starting from the expression of key genes in this pathway, through enzymatic activity, up to the total content of phenolic compounds. Although there is knowledge about the response of the phenylpropanoid pathway in the context of biotic and abiotic stress, there is still limited knowledge about the mechanisms involved in the interaction between plants and rhizobacteria, in particular regarding the comprehensive approach to this interaction at the molecular and biochemical level. The present study aimed to fill this knowledge gap and provide insight into the potential impact of free-living and symbiotic rhizobacteria on the phenylpropanoid pathway.




2. Results


2.1. Effect of Rhizobacteria on the Expression of Phenylalanine Ammonia-Lyase (PAL) Genes


The genes encoding phenylalanine ammonia-lyase from M. truncatula were shown to be similar to genes encoding this enzyme in other plants. It should be noted that the description of the affiliation of individual PALs to the appropriate classes requires unification. The M. truncatula amino acid sequences for PAL1 and PAL6 were similar and belonged to one clade. PAL 2 was in the next clade, and PAL3 and PAL4 were in the last one (Figure 1).



In the roots and leaves of both inoculated and non-inoculated plants, expression of all five MtPAL genes was found, with the expression of MtPAL3 and MtPAL4 genes becoming visible a little later. In non-inoculated seedlings of M. truncatula, higher expressions of MtPAL1, MtPAL2, MtPAL3, and MtPAL4 genes were observed in the roots, while the MtPAL6 gene was expressed at a similar level in leaves and roots (Figure S1). The expression of all tested MtPAL genes in the leaves of 5-week-old M. truncatula seedlings changed after inoculation with bacteria. The increase in expression of these genes was especially evident after 72 h (Figure S1). Also, in the roots of inoculated seedlings, changes in the expression of genes encoding phenylalanine ammonia-lyase were observed, often visible after 24 h (Figure S1). At the same time, it was observed that the expression of the two genes, MtPAL1 and MtPAL6, is constantly at a fairly high level, which may indicate that these genes are leading in the biosynthesis of phenolic compounds. Although they also reacted to inoculation with bacteria, it was to a small extent. Out of five genes for quantitative qPCR analysis, MtPAL2, MtPAL3, and MtPAL4 were selected due to the observed change in their expression profile in leaves and roots of M. truncatula seedlings inoculated with bacteria in relation to untreated plants. They can be markers of induced systemic resistance.



The results obtained with the qPCR method confirmed those previously obtained with the semi-quantitative PCR method and indicated that the expression level of MtPAL2, MtPAL4, and MtPAL3 genes in the roots of non-inoculated plants is higher than in the leaves (Figure 2A, Figure 3A and Figure 4A), which was also confirmed by hierarchical cluster analysis (Figure 5). The level of MtPAL2 gene expression in the roots at T0 and T24 was about 4 times higher, and after 168 h, about 1.7 times higher than in leaves (Figure 2A). Inoculation of seedlings with the bacterial suspension had no effect on the level of MtPAL2 expression in leaves after 24 h (Figure 2B), while after 72 h, a 1.5-fold increase in the level of gene expression was observed under the influence of Pseudomonas brassicacearum KK5 (Figure 2B). In the roots, 24 h after inoculation of the seedlings with a suspension of two strains of P. brassicacearum KK5 and Sinorhizobium meliloti KK13, a significant decrease in MtPAL2 gene expression was observed or, as in the case of inoculation with other strains, no effect. However, 72 h after inoculation of P. brassicacearum KK5 and P. corrugata KK7, the amount of MtPAL2 gene transcript in the roots increased almost 8-fold and 1.8-fold, respectively (Figure 2C). Another PAL3 gene showed strong root specificity because its expression level in the root at times T0, T24, T72, and T168 was higher than that in the leaf by 12, 340, 74, and 238 times, respectively, while in the leaves, it showed a constant low level (Figure 3A). On the other hand, inoculation of seedlings with a suspension of Pseudomonas bacteria i.e., P. corrugata KK7 and P. brassicacearum KK5, and the symbiotic strain Sinorhizobium meliloti KK13 resulted in a significant increase in the expression of the MtPAL3 gene in the leaves. The P. corrugata KK7 strain caused a very large increase in the expression of this gene after 24 h and 72 h, by 71- and 17-fold, respectively, and the inoculation of P. brassicacearum KK5 and Sinorhizobium meliloti KK13 resulted in an increase in expression, respectively, by 38- and 32-fold after 72 h (Figure 3B). In the roots, a decrease in MtPAL3 gene expression was observed 24 h after inoculation of P. brassicacearum KK5, P. corrugata KK7, and S. meliloti KK13, followed by an increase 72 h after inoculation of P. brassicacearum KK5 (58 times) and P. corrugata KK7 (6.7 times)—Figure 3C.



The MtPAL4 gene, like MtPAL2, showed a higher level of expression in the roots. The expression level of MtPAL4 in the roots at T0, T24, and T72 was 6-, 23-, and 4-fold higher, respectively, than in leaves. As in the case of the MtPAL2 gene, the expression of MtPAL4 in the leaves increased steadily and reached a 2.8-fold increase in 6-week-old plants (168 h) compared to leaves from 5-week-old plants (Figure 4A). In leaves 24 h after inoculation of Pseudomonas corrugata KK7, P. brassicacearum KK5, and Sinorhizobium meliloti KK13, the expression level increased 5.7-, 4.7-, and 4-fold (Figure 4B). In the roots, the amount of transcript of this gene 24 h after inoculation of P. brassicacearum KK5 and S. meliloti KK13 decreased by about 0.3 times, and after 72 h after inoculation of P. brassicacearum KK5 and P. corrugata KK7 seedlings, it increased 21 and 3 times, respectively (Figure 4C).



The results of the conducted experiments indicate that the inoculation of M. truncatula seedlings with suspensions of selected bacteria caused changes, increases or decreases, in the expression of the three analyzed MtPAL genes both in leaves and roots. Of the four strains used for the analysis, i.e., Paenibacillus borealis KK4, Pseudomonas brassicacearum KK5, Pseudomonas corrugata KK7, and Sinorhizobium meliloti KK13, only P. borealis KK4 had little effect on the expression of the MtPAL2, MtPAL3, and MtPAL4 genes in both the roots and leaves of M. truncatula. The remaining three strains were able to induce very high expressions of genes, especially MtPAL3 (Figure 5), which may indicate a systemic response to the inoculation of M. truncatula seedlings with these bacteria. It seems that the MtPAL3 gene may be an indicator for the analysis of interactions between rhizobacteria and M. truncatula.




2.2. Effect of Rhizobacteria on Phenylalanine Ammonia-Lyase Activity


Phenylalanine ammonia-lyase (PAL) is one of the first enzymes in the pathway of biosynthesis of phenolic compounds. It converts phenylalanine to cinnamic acid and is one of the markers of plant systemic resistance. The activity of this enzyme was checked in the leaves and roots of 5-week-old M. truncatula seedlings just before and 24, 72, and 168 h after inoculation with rhizobacteria (Figure 6). The activity of the PAL enzyme was approximately 5-fold higher in the leaves compared to the roots, and in addition, the activity in the leaves, which resulted from the systemic response after inoculation of the roots with rhizobacteria, was very stable. A 2-fold increase in the activity of this enzyme was observed in the leaves of non-inoculated plants that were 38 days old (72 h), which was maintained for the next 4 days (168 h)—Figure 6A. In the roots of non-inoculated 38-day-old plants, an increase in the activity of this enzyme was observed by 47%, and in the 6-week-old plants, it decreased by 25% (Figure 6A,B).



Changes in the activity of this enzyme in leaves and roots after treatment with rhizobacteria were visible (Figure 6). Slight changes were observed in the leaves 24 h after inoculation, with three strains inducing PAL activity: most effectively Sinorhizobium meliloti KK13—27%; then Pseudomonas corrugata KK7—7.1%; and Paenibacillus borealis KK4—5.2%. Three days after inoculation, only one strain, P. brassicacearum KK5, slightly increased PAL activity by 7%, while the others decreased it by 39 to 55%, and after another 4 days, most of the strains significantly decreased enzyme activity (from 35 to 39%). It should be noted, however, that taking into account the dynamics of changes, the activity of the PAL enzyme in the leaves of plants treated with three strains (KK4, KK7, and KK13) remained at a similar level, while inoculation with P. brassicacearum KK5 increased the activity between days 1 and 3 by 145% and reached a level close to the control (Figure 6A and Figure 7).



In roots, PAL activity increased 24 h after inoculation with P. corrugata KK7 and S. meliloti KK13, by 9.4 and 7.3%, respectively. After 72 h, the P. brassicacearum KK5 strain induced resistance by 28.4%, while P. corrugata KK7 inhibited PAL activity by 31.3%. Inoculation with all strains increased PAL enzyme activity in roots 168 h after inoculation. In particular, P. corrugata KK7 increased activity by 162%, followed by S. meliloti KK13 by 93%, P. borealis KK4 by 88%, and P. brassicacearum KK5 by 72% (Figure 6B). The effect of these strains on PAL activity in the roots was also confirmed by hierarchical cluster analysis (Figure 7).




2.3. Effect on the Content of Phenolic Compounds


Five-week-old leaves of M. truncatula control seedlings contained four times more phenolic compounds than the roots of these seedlings (Figure 8 and Figure 9), which was therefore consistent with the previously described PAL activity.



After inoculation with bacteria, changes in the total content of phenolic compounds were observed in the leaves and roots of the seedlings compared to the control (Figure 8). In the leaves 24 h after the inoculation of Pseudomonas corrugata KK7, P. brassicacearum KK5, and Sinorhizobium meliloti KK13, an increase in the content of phenolic compounds by 378, 157, and 88% was observed, respectively. After 72 h, an increase in the content of phenols was visible after treatment with the suspension of P. corrugata KK7 by 93% and S. meliloti KK13 by 99%. The increase in the content of these compounds in the leaves by 38% was also caused by the inoculation of Paenibacillus borealis KK4 after 168 h, while the inoculation of Pseudomonas corrugata KK7 reduced the content of phenolic compounds in the leaves (Figure 8A). Inoculation of seedlings with a suspension of P. brassicacearum KK5 and P. corrugata KK7 resulted in an increase in the content of phenols after 24 h by 130 and 390%, respectively, and Paenibacillus borealis KK4 increased after 72 and 168 h by 267 and 49%, respectively (Figure 8B).





3. Discussion


Phenolic compounds play a key role in plant interactions with the environment, including microorganisms. Due to their high biological activity and the ability to be secreted from root tissues into the environment, they are the first line of defense against pathogens. The first enzyme in the biosynthesis of the phenylpropanoid pathway is phenylalanine ammonia-lyase—PAL [34]. The products of this pathway are soluble phenols, flavonoids, and lignins, which are key factors in plant disease resistance [41]. PAL is also a key enzyme in the biosynthesis of salicylic acid (SA), which is responsible for triggering systemic acquired immunity (SAR) in plants [46]. PAL gene expression in plants can be increased by various environmental factors including pathogen infection, insect bites, UV radiation, and extreme temperatures [26,47]. In addition, it is believed that the production of phenolic compounds and the activity of phenylalanine ammonia-lyase (PAL) can serve as markers for the induction of systemic immunity [26,31,48,49].



Therefore, it was analyzed whether the expression of genes encoding PAL, the activity of this enzyme, and the content of its products, i.e., phenols, change after 1, 3, and 7 days after inoculation with selected strains of rhizobacteria in the roots and leaves of 5-week-old M. truncatula seedlings. The influence of free-living and symbiotic rhizobacteria on the biosynthesis pathway of phenolic compounds of M. truncatula plants at the molecular and biochemical levels was confirmed [41,46,48].



In the genome of Medicago truncatula, six genes encoding phenylalanine ammonia-lyase were found [41], which is two more than in Arabidopsis thaliana—four PAL genes [47]—and three less than in Oryza sativa—nine PAL genes [50]. The similarity of five genes from M. truncatula to homologous genes from other plants of the Fabaceae family was also confirmed (Figure 1) such as Trifolium pratense, Cicer arietinum, and Glycine max. It was observed that the MtPAL1, MtPAL2, MtPAL3, and MtPAL4 genes show higher expressions in the roots, while the MtPAL6 gene expression was at a similar level in the leaves and roots of 35–42-day-old M. truncatula J5 seedlings (Figure S1, Figure 2 and Figure 4). In turn, Ren et al. (2019) [41] tested M. truncatula A17 seedlings during flowering using a microarray and they found that the roots had a higher expression of MtPAL2, MtPAL1, and MtPAL6 genes in the leaves, and the expression of MtPAL4 was visible at a similar level in these organs. However, it should be remembered that a different line of M. truncatula at a different age was analyzed for the presented study. The response of PAL genes to drought stress and salinity in M. truncatula was demonstrated. Their role in response to environmental stress has also been proven in Arabidopsis. In addition, the knockout of four genes encoding PAL resulted in susceptibility to Pseudomonas syringae [47]. Similarly, the PAL genes from Medicago sativa have been shown to respond to salinity [40]. The other studies have demonstrated the induction of PAL genes by pathogens [27,51,52,53]. However, there are not many reports on the induction of PAL genes in plants after inoculation with rhizobacteria. All five MtPAL genes tested in M. truncatula were upregulated after inoculation with rhizobacteria, although the increase in expression of three (MtPAL2, MtPAL3, and MtPAL4) was particularly noticeable. The other two genes (MtPAL1 and MtPAL6) were characterized by a relatively constant, high level of expression in the observed time interval between 35 and 42 days of plant development and were slightly affected by bacterial inoculation (Figure S1). Therefore, it can be considered that these are the lead genes responsible for maintaining the production of phenolic compounds in M. truncatula. A significant effect of inoculation of seedlings with rhizobacteria on the increase in expression of MtPAL2, MtPAL3, and MtPAL4 genes in roots was confirmed, especially after treatment of seedlings with strains belonging to Pseudomonas (P. brassicacearum KK5 and P. corrugata KK7)—Figure 2, Figure 3, Figure 4 and Figure 5. The greatest induction of expression after inoculation with rhizobacteria was observed for the MtPAL3 gene, which also showed strong root specificity; however, induction of expression was also seen in leaves (Figure 4 and Figure 5). The increase in the expression level of this gene in the roots 72 h after inoculation with Pseudomonas brassicacearum KK5 strain was 58-fold (Figure 4). The MtPAL3 gene can therefore be considered the best marker of M. truncatula interaction with free-living rhizobacteria. Previously, one of the rice PAL genes was observed to be differentially expressed in rice roots during association with Azospirillum brasilense [54]. The expression pattern of these flavonoid synthesis genes further suggests that flavonoids likely play a key role in the beneficial associations of rice with bacteria. S. Jain [55] found induction of the pal2 gene from Glycine max (which is in the same clade as MtPAL2—Figure 1) after inoculation with Bacillus sp. rhizobacteria. They noted the greatest increase in gene expression after Bacillus sp. and Fusarium oxysporum co-inoculation. In addition, this was higher than pathogen-only inoculation. This may indicate that earlier induction with rhizobacteria increases the response against pathogens and may be related to the induction of resistance in plants. In Lotus japonicus, the PAL gene (LjPAL1) has been shown to be induced by Mesorhizobium loti infection and has been found to influence rhizobium infection progression and nodule structure [56]. The MtPAL1 gene was also tested after inoculation with Sinorhizobium meliloti and a minimal reduction in expression was observed in the roots of Medicago truncatula, which decreased more after pathogen treatment. They concluded that rhizobacteria inhibit the immune response caused by bacterial pathogens [57]. We also did not observe an increase in expression of this gene after inoculation of S. meliloti (Figure S1). These and previous studies indicate the functional diversity of this family of genes.



Increased expression of MtPAL genes (mainly MtPAL3) by some strains, i.e., P. brassicacearum KK5 and P. corrugata KK7, was accompanied by increased activity of PAL enzymes and production of phenols, compounds known to have antifungal activity (Figure 6, Figure 7, Figure 8 and Figure 9). However, it is noteworthy that the enzymatic activity in the leaves is higher than in the root, which does not correlate with the results of expression of the MtPAL2, MtPAL3, and MtPAL4 genes (Figure 2, Figure 3 and Figure 4). This may be related to the high levels of expression of the leading genes MtPAL1 and MtPAL6 (Figure S1) in the leaves observed in the semi-quantitative analysis (expression of these genes was not quantified), as well as post-translational changes. Ali and McNear (2014) [58] showed an increase in the content of flavonoids, as well as a significant activation of genes for the biosynthesis of phenolic compounds (such as chalcone synthase and isomerase, flavonoid hydroxylase, or flavonol synthase) in Arabidopsis thaliana leaves after treatment with Soil-Builders AF microbiological preparation containing rhizobacteria, with no induction of expression for all four PAL genes. Inoculation of rice with thirty isolates of rhizobacteria (most of which belonged to the genus Bacillus, then to Staphylococcus) showed that most of the isolates resulted in an increase in PAL enzyme activity, with 86.6% in shoots and 53.3% in roots [59]. An increase in PAL activity was also observed after wheat inoculation with Stenotrophomonas maltophilia rhizobacteria. The further increase in PAL activity was influenced by the subsequent contact of the plant with the pathogen [60]. However, after inoculation by means of microinjections and spraying of leaves of 4-week-old chickpea seedlings with both Pseudomonas fluorescens and P. aeruginosa strains, an increase in PAL activity was noted after 1, 2, and 3 days after the treatment, with the largest approx. increase for the control observed after the first day, and the maximum activity of the PAL enzyme observed after 2 days [61]. Subsequently, in studies conducted on chickpeas, a higher collection of phenolics was observed 1 to 3 days after treatment of four-week-old seedlings with PGPR strains (especially in the presence of the pathogen—Sclerotinia sclerotinum), which was attributed to the activation of the ISR mechanism by bacterial strains [61]. An increase in the content of phenolic acids and the total content of phenols was also noted by Bahadur et al. (2007) [62] 48 and 96 h after inoculation of pea leaves with strains belonging to Pseudomonas fluorescens or Pseudomonas aeruginosa. The same strains used to inoculate chickpea seeds caused an increase in the content of phenolic compounds in 4-week-old leaves of seedlings, and this increase was especially significant when both strains were used together. In addition, the authors found a correlation between the accumulation of phenols and the protection of chickpeas against infection by the fungus Sclerotinum ralstoni [63]. There was also an accumulation in the roots in the first week after inoculation of salicylic acid, a key phenolic compound playing an important role in signaling during immunity induction, with a complete lack of this acid in the rest of the plant. These authors believed that the salicylic acid accumulated in the roots is of bacterial origin [63]. An increase in PAL activity and phenol content was also observed in pea and chickpea leaves after infection with the pathogen Sclerotina sclerotinum after prior inoculation with a mixture of microorganisms (microbial consortium) consisting of bacteria belonging to the genus Pseudomonas and Bacillus and the fungus Trichoderma harzianum [64,65]. An increase in the activity of the PAL enzyme and the content of phenolic compounds was also observed in rice after inoculation with Pseudomonas fluorescens [66]. A similar relationship, i.e., a four-fold increase in the total content of phenolic compounds, was observed in leaves and roots 24 h after inoculation of M. truncatula seedlings with the Pseudomonas corrugata KK7 strain (Figure 8). Plant growth-promoting rhizobacteria are known to increase resistance to abiotic and biotic stress, including by activating the phenylpropanoid pathway. This can lead to the emergence of plant resistance and the control of plant diseases. However, before rhizobacteria can be used to improve crop yields, it is essential to understand the mechanisms behind plant–microbe interactions. The study shows the potential of rhizobacteria to stimulate the phenylpropanoid pathway. The next step to complete the study would be to see if rhizobacteria also trigger a response in the expression of the MtPAL5 gene, which has not been studied, and other genes and enzymes in this pathway, such as chalcone synthase and chalcone isomerase. It would also be worth analyzing changes in the path under study after contact with the pathogen.




4. Materials and Methods


4.1. Plant Culture and Inoculation


Medicago truncatula Gaertn. ecotype Jemalong 5 was used in the research (French National Institute for Agricultural Research—INRAE, Paris, France). After chemical scarification and stratification at 4 °C, the seeds were transferred to pots containing a mixture of perlite and sand in a 1:1 ratio (v/v). Medicago seedlings were watered with a low-nitrogen medium containing NPK-18:6:26 mineral compounds. The plants were grown at a light intensity of 150 μmoL·m−1·s−1, a photoperiod of 16 h/8 h, and a temperature of 24 °C/20 °C [67].



Pseudomonas rhizobacterial strains (P. brassicacearum KK5 and P. corrugata KK7), Paenibacillus borealis KK4, and the symbiotic strain Sinorhizobium meliloti KK13 were used. Bacterial cultures were grown in a Tryptic Soya Broth medium (Scharlau, Barcelona, Spain) until OD600 was about 0.6. The cultures were then centrifuged (4 °C/5000 rpm/20 min). The supernatant was carefully removed, and the bacterial cell pellet was resuspended in the same volume of 10 mM magnesium sulfate solution. The procedure was repeated twice. The bacterial suspension prepared in this way was diluted with 10 mM magnesium sulfate solution to a density of 108 CFU mL −1 (0.1 optical density) and was used for inoculating 5-week-old seedlings of Medicago truncatula J5. For this purpose, 10 mL of freshly prepared bacterial inoculum was pipetted near the root system on the substrate at a distance of 1 cm from the shoot. Control seedlings were treated with a 10 mM magnesium sulfate solution. Material for analysis was collected just before inoculation (T0), 24 h after inoculation (T24), 72 h after inoculation (T72), and 168 h after inoculation (T168).




4.2. Determination of Total Phenolic Compounds


The content of phenolic compounds was determined by the Folin–Ciocalteau method using a UV-1800 spectrophotometer (Shimadzu, Duisburg, Germany). Briefly, 0.1 g of leaf and root tissue was homogenized in 1 mL of 80% (v/v) ethanol. The reaction mixture was prepared with 0.5 mL of supernatant, 0.08 mL of 20% (w/v) NaCO3 in water, and 0.24 mL of Folin–Ciocalteau reagent. After 60 min, the absorbance was measured at 760 nm. The total phenol content was calculated from the calibration curve prepared for chlorogenic acid, and the content of phenolic compounds was expressed as mmoL of chlorogenic acid/g of fresh weight.




4.3. Analysis of Phenylalanine Ammonia-Lyase (PAL) Activity


PAL activity was determined by a spectrophotometric method [68], based on the transformation of phenylalanine into trans-cinnamic acid at 290 nm. In total, 200 mg of leaf or root tissue was homogenized in liquid nitrogen, then added to 2 mL of extraction buffer containing 50 mM Tris-HCl pH 8.8 and 15 mM β-mercaptoethanol (Scharlau, Spain), and centrifuged for 15 min at 16,000× g at 4 °C. The supernatant was used for enzyme activity assays and protein content determination. The reaction mixture was prepared in a spectrophotometer cuvette with 100 µL of extraction buffer, 50 µL of 10 mM phenylalanine (Scharlau), 30 µL of deionized water, and 20 µL of plant extract, and incubated at 37 °C for 1 h. After that, the reaction was stopped by adding 50 µL of 6 M HCl, and the absorbance was measured at 290 nm. Enzyme activity was calculated from the standard curve in the range of 20–200 nmoL of trans-cinnamic acid and expressed as µmoL of trans-cinnamic acid/mg of protein. Protein content was measured using the Bradford method (1976) [69].




4.4. Effect of Bacteria on PAL Gene Expression in M. truncatula


4.4.1. RNA Isolation from Roots/Seedlings and Reverse Transcription


Approximately 200 mg of plant tissue from leaves or roots of M. truncatula seedlings grown in pots or roots of seedlings grown in plates was ground in liquid nitrogen using a mortar and pestle. RNA isolation was carried out using a Direct-zol RNA isolation kit (Zymo Research, Irvine, CA, USA). The isolated RNA was used for further procedures or stored at −80 °C. RNA concentration and purity were assessed by spectrophotometric measurement (BioSpec Nano, Schimadzu, Kyoto, Japan). cDNA synthesis was performed using 500 ng of isolated mRNA and the GoScript Reverse Transcription System (Promega, Madison, WI, USA). The resulting cDNA was stored at −20 °C and used for analysis after 5-fold dilution.




4.4.2. Sequence Alignment and Primer Design for Gene Expression Analysis


The gene sequences available in the J. Craig Venter database (http://www.jcvi.org/medicago, accessed on 20 February 2021) were used for designing primers for the target genes and reference genes. Sequence alignments of PAL proteins from M. truncatula, Arabidopsis thaliana from Tair (The Arabidopsis Information Resource) Database [36], and other Fabaceae species (NCBI Database) were performed using ClustalX2 conducted on MEGA software (Molecular Ewolutionary Genetics Analysis, X version, Masatoshi Nei, Richlandtown, PA, USA). The sequence alignment was used to construct a phylogenetic tree using the Neighbor-Joining method, and bootstrap analysis of 1000 replicates was used to assess the confidence level of monophyletic groups. All sequences used are listed in Table 1. The reference gene was selected based on previous reports of gene expression studies in similar systems of Medicago truncatula. Jasiński et al. (2009) [67] also used actin 2 as a reference gene and examined the effects of microorganisms, symbiotic bacterium Sinorhizobium meliloti, and fungal pathogens, F. culmorum and P. medicaginis on M. truncatula J5 seedlings.



PCR primers for both semi-quantitative and quantitative methods were designed using Primer Express 3.0 software (Applied Biosystems, Carlsbad, CA, USA)—Table 1. Strict primer design conditions were applied. The qPCR primers amplified a fragment of approximately 90 bp within the 400 bp fragment amplified in the semi-quantitative PCR reaction. Additionally, all designed primers had a melting temperature of 58–60 °C.




4.4.3. Semi-Quantitative PCR Analysis of Gene Expression


PCR amplification of fragments of the analyzed genes was performed using the Biometra T Gradient thermocycler. For this purpose, a reaction mixture was prepared containing cDNA and Promega’s GoTaq G2 Hot Start Master Mix. The reaction mixture of 25 µL consisted of 12.5 µL Master Mix (which included 1 U of G2 Hot Start polymerase, 2× reaction buffer pH 8.5, 400 µL of each dNTP, and 4 mM MgCl2), 1 µM of each primer, 1 µL cDNA, and nuclease-free water. The polymerase chain reaction was carried out using a three-step protocol. The initial denaturation was 96 °C/2 min; denaturation 96 °C/15 s, primer annealing 60 °C/15 s, and extension 72 °C/45 s repeated for 30 cycles; and final extension 72 °C/5 min. The obtained PCR products of approximately 400 bp were subjected to electrophoresis on a 1.5% agarose gel with ethidium bromide at 70 V for about 40 min using the Bio-Rad electrophoresis apparatus. Each well was loaded with 12 µL of a mixture consisting of 2 µL of PCR product, 2 µL of 6× concentrated loading buffer, and 8 µL of water. A DNA ladder marker (Mass Ruler DNA Ladders 100 bp, Fermentas, Burlington, ON, Canada) was loaded into one of the wells. For the qPCR analysis, genes were selected that were shown to visibly respond to treatment with rhizobacteria in the PCR reaction. Real-time PCR was performed using a two-step protocol with SYBR GREEN dye. cDNA served as a template for amplification in a StepOnePlus™ Real-Time PCR System (Life Technologies, Carlsbad, CA, USA). The reaction mixture included 1 µ of diluted cDNA, 200 nM of each primer, and 2× Master Mix SYBR, in a final volume of 10 µL. The reaction was carried out according to a standard protocol with initial denaturation at 95 °C for 2 min, followed by cycling at 95 °C for 15 s and 60 °C for 60 s, repeated for 40 cycles. Melting curve analysis was then conducted at 95 °C for 15 s, 60 °C for 60 s, and 60–95 °C with an increase of 0.3 °C per cycle. No nonspecific products were detected, and the efficiency of all reactions was 90–95%. The relative expression for each gene was calculated using the 2−ΔΔCt method [70] and normalized to ACT2. Computer analysis was performed using the GenEX 7.0 Std. software (MultiD Analyses AB, Västra Frölunda, Sweden).





4.5. Statistical Analyses


To investigate the effects of various factors on the response variable, we employed a comprehensive set of analyses, including (1) a one-way analysis of variance (ANOVA) with interaction terms, followed by the post hoc Tukey Honestly Significant Difference test (HSD), and (2) hierarchical clustering analysis (HCA) using Ward’s linkage method and Euclidean distance metric. Additionally, scatterplots were utilized to provide a visual representation of the relationships within our standardized dataset. All statistical analyses were executed using Python version 3.9.7 in PyCharm Professional 2023 (jetbrains.com). The specific libraries used were pandas, seaborn, statsmodels.api, bioinfokit, scikit-learn, scipy.stats, NumPy, and scipy.cluster.hierarchy. The source code and required materials can be found in a publicly accessible repository on GitHub (https://github.com/PTBDBIODATA, accessed on 10 October 2024).





5. Conclusions


The results of these studies provide the first evidence of changes in the biosynthetic pathway of phenolic compounds in model plant Medicago truncatula under the influence of free-living and symbiotic rhizobacteria. Plant growth-promoting rhizobacteria strains Pseudomonas brassicacearum KK5, P. corrugata KK7, and Paenibacillus borealis KK4 and the symbiotic strain Sinorhizobium meliloti KK13 had a stimulating effect on changes in the expression of genes encoding PAL, in particular, MtPAL2, MtPAL3, and MtPAL4, on the activity of phenylalanine ammonia-lyase and on the total content of phenolic compounds. It was also found that the MtPAL3 gene reacted most strongly to inoculation with rhizobacteria; therefore, it can be considered the best gene candidate for assessing interactions between rhizobacteria and M. truncatula. Taking this into account, it seems likely that bacterial strains, in particular, Pseudomonas brassicacearum KK5 and P. corrugata KK7, can be used to induce the biosynthetic pathway of phenolic compounds in the model plant M. truncatula and thus in other legumes. This can result in the induction of resistance in plants and, consequently, improved disease control. The presented results allow us to focus future research on the impact of rhizobacteria on plant resistance by activating the phenylpropanoid biosynthesis pathway, and the role of individual phenolic compounds in disease control.
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Figure 1. Phylogenetic analysis annotated PALs in Medicago truncatula, Arabidopsis thaliana, and other species of plants belonging to the Fabaceae family, created on the basis of amino acid sequences using the Neighbor-Joining method. 
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Figure 2. MtPAL2 gene expression profile in leaves and roots of non-inoculated M. truncatula seedlings (at time points: T0—seedlings aged 35 days; T24—36 days; T72—38 days; T168—42 days) (A) and the effect of rhizobacteria on the expression of this gene in leaves (B) and roots (C) 24 and 72 h after inoculation of 35-day-old seedlings. 






Figure 2. MtPAL2 gene expression profile in leaves and roots of non-inoculated M. truncatula seedlings (at time points: T0—seedlings aged 35 days; T24—36 days; T72—38 days; T168—42 days) (A) and the effect of rhizobacteria on the expression of this gene in leaves (B) and roots (C) 24 and 72 h after inoculation of 35-day-old seedlings.
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Figure 3. MtPAL3 gene expression profile in leaves and roots of non-inoculated M. truncatula seedlings (at time points: T0—seedlings aged 35 days; T24—36 days; T72—38 days; T168—42 days) (A) and the effect of rhizobacteria on the expression of this gene in leaves (B) and roots (C) 24 and 72 h after inoculation of 35-day-old seedlings. 
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Figure 4. MtPAL4 gene expression profile in leaves and roots of non-inoculated M. truncatula seedlings (at time points: T0—seedlings aged 35 days; T24—36 days; T72—38 days; T168—42 days) (A) and the effect of rhizobacteria on the expression of this gene in leaves (B) and roots (C) 24 and 72 h after inoculation of 35-day-old seedlings. 
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Figure 5. Hierarchical cluster analysis showing the effect of rhizobacteria on MtPAL gene expression after M. truncatula inoculation. 
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Figure 6. Effect of rhizobacteria on phenylalanine ammonia-lyase (PAL) activity in leaves (A) and roots (B) of 5-week-old seedlings of M. truncatula at 24, 72, and 168 h after inoculation. 
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Figure 7. Hierarchical cluster analysis showing the effect of rhizobacteria on PAL enzyme activity after M. truncatula inoculation. 
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Figure 8. Effect of rhizobacteria on the content of phenolic compounds in leaves (A) and roots (B) in 5-week-old M. truncatula seedlings at 24, 72, and 168 h after inoculation. 






Figure 8. Effect of rhizobacteria on the content of phenolic compounds in leaves (A) and roots (B) in 5-week-old M. truncatula seedlings at 24, 72, and 168 h after inoculation.



[image: Ijms 25 12684 g008]







[image: Ijms 25 12684 g009] 





Figure 9. Hierarchical cluster analysis showing the effect of rhizobacteria on total phenolic content after M. truncatula inoculation. 
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Table 1. List of tested (white fields) and reference genes.
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	Gene Name
	Gene Product Name
	Locus Number
	Sequence for PCR Primers (5′ → 3′)
	Sequence for qPCR Primers (5′ → 3′)





	MtPAL 1
	phenylalanine ammonia-lyase 1
	Medtr1g064090
	TACCACTTCGCGGTACAATCAC

TATGCTCCATAATAGCAGCAGCTT
	not tested



	MtPAL 2
	phenylalanine ammonia-lyase 2
	Medtr1g094780
	GCTTCATTGGTTCTTTTTGATACAA

TTCCTCCATGAAGTGCCTTATCC
	CACTTCAGAAGCCCAAACAAGATAG

TGTTGCGTATCGAATCACTTCAA



	MtPAL 3
	phenylalanine ammonia-lyase 3
	Medtr2g094960
	ACAAGATTAGCTTTGGCTGCT

GCCACTTGACTCAGTCTTTTCT
	GCGATGGCTGCATATTGTTCT

TTATGCTGTTCAGCGCTTTGG



	MtPAL 4
	phenylalanine ammonia-lyase 4
	Medtr5g098720
	ACACCAATCTTGCCATTGCG

TCCATAATAGCAGCTGCCTCG
	AGCAGGTCTGAGTTCTGGGTTCT

GAAGCCACACCAGATCCAACA



	MtPAL 6
	phenylalanine ammonia-lyase 6
	Medtr7g101425
	TACACGTTTGGCTCTCGCAT

TGGCTACTTGACTTACGGTGT
	not tested



	ACT
	actin 2
	Medtr7g026230
	TATCATAGATGGTTGGAACAGGACC

GGAGACAGCCAGGACCAGC
	TCAATGTGCCTGCCATGTATGT

CTCACACCGTCACCAGAATCC
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