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Introduction

Flavonoids are among the main plant root exudation components, and, in addition to their role in symbiosis, they can broadly affect the functionality of plant-associated microbes: in polluted environments, for instance, flavonoids can induce the expression of the enzymatic degradative machinery to clean-up soils from xenobiotics like polychlorinated biphenyls (PCBs). However, their involvement in root community recruitment and assembly involving non-symbiotic beneficial interactions remains understudied and may be crucial to sustain the holobiont fitness under PCB stress.





Methods

By using a set of model pure flavonoid molecules and a natural blend of root exudates (REs) with altered flavonoid composition produced by Arabidopsis mutant lines affected in flavonoid biosynthesis and abundance (null mutant tt4, flavonoid aglycones hyperproducer tt8, and flavonoid conjugates hyperaccumulator ttg), we investigated flavonoid contribution in stimulating rhizocompetence traits and the catabolic potential of the model bacterial strain for PCB degradation Paraburkholderia xenovorans LB400.





Results

Flavonoids influenced the traits involved in bacterial recruitment in the rhizoplane by improving chemotaxis and motility responses, by increasing biofilm formation and by promoting the growth and activation of the PCB-degradative pathway of strain LB400, being thus potentially exploited as carbon sources, stimulating factors and chemoattractant molecules. Indeed, early rhizoplane colonization was favored in plantlets of the tt8 Arabidopsis mutant and reduced in the ttg line. Bacterial growth was promoted by the REs of mutant lines tt4 and tt8 under control conditions and reduced upon PCB-18 stress, showing no significant differences compared with the WT and ttg, indicating that unidentified plant metabolites could be involved. PCB stress presumably altered the Arabidopsis root exudation profile, although a sudden “cry-for-help” response to recruit strain LB400 was excluded and flavonoids appeared not to be the main determinants. In the in vitro plant–microbe interaction assays, plant growth promotion and PCB resistance promoted by strain LB400 seemed to act through flavonoid-independent mechanisms without altering bacterial colonization efficiency and root adhesion pattern.





Discussions

This study further contributes to elucidate the vast array of functions provided by flavonoids in orchestrating the early events of PCB-degrading strain LB400 recruitment in the rhizosphere and to support the holobiont fitness by stimulating the catabolic machinery involved in xenobiotics decomposition and removal.
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1 Introduction

The plant microbiome acts as a reservoir of accessory functionalities that increase the fitness of the holobiont (Marasco et al., 2013; Rolli et al., 2015; Hassani et al., 2018; Trivedi et al., 2020). In particular, these microbial services are crucial when the soil is polluted by recalcitrant and poorly phyto-extractable xenobiotics that hamper plant growth and development (Franchi et al., 2016; Franchi et al., 2017; Correa-García et al., 2018). Plant competence to recruit a degradative microbiome and the enzymatic versatility of the associated microorganisms to catabolize persistent pollutants are essential features in rhizoremediation processes (Balloi et al., 2010; Vergani et al., 2017b; Simmer and Schnoor, 2022). Due to the advancement of metabolomics (Carper et al., 2022) and exo-metabolomics (Zhalnina et al., 2018), root chemistry is gaining increasing interest for the comprehension of the role of root exudation in tuning the recruitment, colonization pattern, structure, and functionality of the plant-associated microbiota (McLaughlin et al., 2023).

In addition to the exuded carbon-rich primary metabolites, plants secrete a vast array of secondary metabolites (Erb and Kliebenstein, 2020) that are responsible for the major shifts in the structure of soil microbial communities due to the presence of antimicrobial compounds, quorum sensing/quenching molecules, and co-metabolites that affect bacterial physiology (Pang et al., 2021).

Flavonoids constitute a broad class of specialized polyphenols that share the C6–C3–C6 basic structure and undergo a series of secondary modifications (e.g., glycosylation, methylation, acylation) that enable their classification into various classes like flavones, isoflavonoids, flavonols, and anthocyanins (Yonekura-Sakakibara et al., 2019). Flavonoids are among the most abundant compounds released by rhizodeposition (Chaparro et al., 2013; Wang et al., 2022): they represented 37% of total secondary metabolites released by Arabidopsis thaliana (Narasimhan et al., 2003) and reached a higher abundance compared with exuded primary metabolites in Quercus ilex upon water shortage stress (Singh et al., 2023). A metabolome investigation of the root exudate composition of Panax notoginseng, Zea mays, Nicotiana tabacum, and Perilla frutescens showed a high chemical diversity, with flavonoids being among the dominating compounds in terms of abundance and with differential patterns in terms of composition, contributing to the uniqueness of the exudation profile in the different plants (Shi et al., 2023).

Flavonoids are well characterized in legumes for their key role in rhizobial symbioses, facilitating the process of rhizobia recruitment and root architecture remodeling that leads to nodule formation, where the biological fixation of nitrogen takes place (Wang et al., 2022). Despite being acknowledged as inter-kingdom signaling molecules in the interactions between roots and plant-associated microbes (Ghitti et al., 2022), the role of flavonoids in non-symbiotic bacterial species is poorly investigated. Recently, a proteomics approach highlighted that apigenin and phloretin can be perceived by Pseudomonas fluorescens 2P24 through the TetR regulator system PhlH and that these flavonoids differently affected bacterial physiological traits involved in their establishment on the root system and in root colonization (Yu et al., 2020). Under nitrogen starvation, maize rhizodeposition was enriched of flavones, that positively selected for a higher abundance of Oxalobacteraceae in the rhizosphere microbiota. This shift in root bacterial communities indirectly supported plant growth and nitrogen uptake by remodeling root architecture with enhanced formation of lateral roots (Yu et al., 2021). Similarly, in the flavonoid hyperaccumulator Arabidopsis line pap1-D that overexpresses anthocyanins and flavonols, the Aeromonadaceae family showed a higher relative abundance in both rhizosphere and endosphere compared with Col-0 plants. Furthermore, flavonoids improved chemotaxis and motility of Aeromonas sp. H1 toward the root, enriching the rhizosphere with plant growth-promoting strains, finally able to boost plant dehydration resistance (He et al., 2022). Hence, these findings highlight a similarity in the role played by flavonoids as secondary metabolites involved in bacterial recruitment also in non-rhizobial species.

In bioremediation studies, flavonoids were described to act as inducers or co-metabolites to enhance the expression of the dioxygenases encoded by the bph operon for the aerobic degradation of polychlorinated biphenyls (PCBs) (Narasimhan et al., 2003; Toussaint et al., 2012). PCBs constitute a broad class of persistent organic compounds (POPs) that dramatically affect human health and ecosystems and whose removal from the environment, ideally through in situ sustainable practices, is of paramount importance and urgency (Di Guardo et al., 2017; Simhadri et al., 2020). Flavonoids are promising inducers of the microbial catabolism of PCBs, supposedly because of their similarity in structure with biphenyl (Pino et al., 2016). It is postulated that the PCB degradation pathway evolved primarily for the catabolism of plant secondary metabolites with a biphenyl-based backbone and that, due to a broad enzymatic specificity, this also allowed the degradation of structurally similar compounds like PCBs (Singer et al., 2004; Musilova et al., 2016; Uhlik et al., 2022). In agreement with this vision, co-metabolism drives the degradation of xenobiotic compounds in presence of plant secondary metabolites endowed with a structural affinity with the contaminants (Singer et al., 2003). Through these low substrate affinity enzymes, emerging pollutants of anthropogenic origin, only recently appearing in natural environments, can be degraded to low-molecular weight intermediates (Singer et al., 2004; Musilova et al., 2016; Uhlik et al., 2022). During co-metabolic growth in the presence of sodium acetate, isoflavone induced the expression of the bphA gene in Rhodococcus erythropolis U23A, resulting in an even higher degradation efficiency of 4-chlorobiphenyl than in the presence of biphenyl (Pham et al., 2015). Therefore, flavonoids may represent crucial exudates in the plant “cry-for-help” strategy in PCB-contaminated soil (Rolli et al., 2021). According to this ecological hypothesis, plants alter their root exudation pattern under stress aiming to recruit, feed, and sustain a wide variety of beneficial microorganisms, which provide useful functionalities to the plant to alleviate the detrimental injuries caused by biotic and abiotic stresses (Rolfe et al., 2019). Given PCB phytotoxicity and the poor detoxification systems of plants (Van Aken et al., 2010), the “cry-for-help” is hypothesized to be the strategy that plants employ to survive in polluted sites (Vergani et al., 2017a; Mapelli et al., 2022). Indeed, the depletion of flavonoid exudation in the tt4 Arabidopsis mutant affected the colonization and consequently the PCB degradation ability of Pseudomonas putida PLM2 (Narasimhan et al., 2003). Similarly, the PCB-degrading strain Pseudomonas alcaliphila JAB1 was able to metabolize flavone and flavanone through the activity of the biphenyl 2,3-dioxygenase and in parallel used a wide range of secondary metabolites, including flavonoids, as bph operon inducers (Zubrova et al., 2021). In wider terms, the identification and characterization of the chemical determinants able to induce PCB degradation would be particularly useful in the frame of tailor-made biostimulation strategies (Uhlik et al., 2013; Jha et al., 2015): providing the contaminated soil with inducer-rich amendments, also through waste biomass (Wang et al., 2023), or selecting plants with specific root exudation profiles would potentially enhance the recruitment of degrading microbial communities and increase the effectiveness of rhizoremediation.

This evidence supports the hypothesis that the role of flavonoids in affecting bacterial crosstalk with the plant host, in particular regarding the interactions with PCB-degrading bacteria, could be broader than supposed and still largely unknown. The aim of this work was, therefore, to go beyond the state of the art and elucidate the contribution of flavonoid molecules in affecting functional traits of rhizocompetence and degradation potential in the versatile PCB degrader strain Paraburkholderia xenovorans LB400 (Liang et al., 2014). Our experimental approach was developed along an increasing degree of complexity of flavonoid chemistry: (i) by administering pure compounds (naringin, naringenin, quercetin, flavone, and flavanone) to assess in vitro the involvement of flavonoids in stimulating bacterial rhizocompetence traits and in inducing the expression of PCB catabolic genes; (ii) by testing the effect of flavonoid imbalance in a natural complex mixture of root exudates released by the Arabidopsis mutant lines tt4, tt8, and ttg affected in flavonoid biosynthesis and exudation; and (iii) in planta in the interaction with the same mutant plants that differ in their root exudation pattern due to either the different genetic background or to the stress induced by growing in the presence of PCBs.

We observed a crucial role for flavonoid pure chemicals in boosting bacterial growth, attracting bacteria to the root system and stimulating the expression of PCB catabolic genes, indicating that flavonoids can play a prominent role during the early events of bacterial colonization. On the other hand, LB400 growth in the presence of the complex blend of root exudates from Arabidopsis mutant lines tt4, tt8, and ttg, together with the interaction of the bacterium with Arabidopsis plantlets of these backgrounds under control conditions and PCB-18 stress suggests flavonoid-independent mechanisms for the observed phenotypes, prompting that other unknown exudates are involved at later stages of bacterial colonization.

This work contributes to improve knowledge on the interactions between plants and P. xenovorans LB400, considered one of the most effective aerobic PCB degraders given its impressive ability to catabolize more than 20 PCB congeners, comprising some highly chlorinated ones (Chain et al., 2006). Burkholderiaceae have been described as important plant colonizers, represent a key component of the Arabidopsis microbiome, especially the floral one, and comprise beneficial bacteria able to support plant growth and resistance to abiotic stresses (Massoni et al., 2021; Pal et al., 2022). P. xenovorans LB400 has been used mainly in degradation studies with slurries or sediments (Payne et al., 2017; Bako et al., 2022): improving the knowledge on its association with plants could lead to more targeted and efficient phyto-rhizoremediation approaches for PCB clean-up in soil.




2 Materials and methods



2.1 Bacterial strain, plant material, culture media, and chemicals

Paraburkholderia xenovorans LB400 (DMSZ, Germany) was grown either in Tryptic Soy Broth (TSB, Merck, Darmstadt, Germany) or Luria-Bertani (LB) broth or in Mineral Medium Brunner (DSMZ, Germany) with a supplement of 30 mM sodium pyruvate as a carbon source. Bacterial cells were kept in glycerol stocks at −80°C and periodically revitalized on LB agar plates. When necessary, antibiotics were added at the following concentrations: 15 µg/mL gentamicin and 100 µg/mL rifampicin. The plant secondary metabolites (PSMs) used in the assays are flavonoids (Merck, Germany) and were solubilized in the respective solvents and prepared in 100× and 1,000× stocks. Flavone (2-phenyl-4H-1-benzopyran-4-one) and flavanone (2,3-dihydroflavone) were solubilized in acetone, naringin, and naringenin in methanol and quercetin in dimethyl sulfoxide (DMSO). The biphenyl crystals (Merck, Germany) were solubilized in acetone in a 0.5-M stock and PCB No. 18 (2,2′,5-trichlorobiphenyl, LGC Standards) was solubilized in acetone in a 200-mM stock. PCB-18 was selected to induce phytotoxic effect in Arabidopsis based on (i) literature data indicating that low-chlorinated PCBs are preferentially uptaken and assimilated by plant roots than highly chlorinated PCBs (Asai et al., 2002; Luo et al., 2020); (ii) a previous work demonstrating that this congener can indeed affect Arabidopsis growth (Bao et al., 2013); (iii) plant–microbe interaction study with PCBs are preferentially performed with single congeners rather than complex mixtures to make the phenotype analysis more straightforward (Subramanian et al., 2017; Wang et al., 2017); (iv) this molecule was retrieved in the historically PCB contaminated site Brescia-Caffaro in Italy, indicating its relevance also from an ecological point of view (Di Guardo et al., 2017). Arabidopsis thaliana ecotype Ler and the mutants for flavonoid biosynthesis tt4, tt8, and ttg (NASC, Nottingham Arabidopsis Stock Centre) were the plants employed for root exudate collection and root colonization assays. Line tt4 is a null mutant that does not produce flavonoids, whereas tt8 and ttg overaccumulate in the root exudates flavonoid aglycones and flavonoid conjugates, respectively (Narasimhan et al., 2003). Seeds of Arabidopsis were surface sterilized under shaking conditions with a 0.05% SDS and 70% ethanol solution for 10 min and washed twice with 95% ethanol. The seeds were cultivated on half-strength Murashige and Skoog (1/2 MS) medium (2.2 g/L MS basal salt mixture, 0.5 g/L MES hydrate, pH 5.4) in square petri dishes.




2.2 Growth on flavonoids as unique carbon sources

Since bph-encoded enzymes originally evolved to catabolize plant secondary metabolites either as nutrients or for their detoxification (Singer et al., 2003; Singer et al., 2004), the ability of P. xenovorans LB400 to use pure plant flavonoids (flavone, flavanone, naringin, naringenin, and quercetin) as carbon sources was tested in liquid Mineral Medium Brunner (MMB) following the protocol reported by Zubrova et al. (Zubrova et al., 2021). Strain LB400 was cultivated overnight at 30°C on a shaker (150 rpm) in LB medium and cells harvested by centrifugation (10 min, 4,000 rpm). The cells were washed twice in physiological buffer (9 g/L NaCl) and resuspended at a final concentration of 0.025 OD600 in MMB containing 3-mM flavonoids in Erlenmeyer flasks. Solvents were used as negative controls by adding the corresponding volumes and 3 mM sodium pyruvate as positive control. Flavonoid solvents were evaporated in a sterile laminar hood for 30 min prior to addition of inoculated MMB. Strain LB400 was incubated for 6 days at 30°C on a rotatory shaker. To evaluate growth, bacterial cultures were plated in serial dilutions using the drop plate count method by spotting 10 µL on LB plates, which were incubated at 30°C for 3 days prior to colony counting. Each condition was tested with two independent replicates each with three technical replicates.




2.3 Bacterial growth assay in presence of flavonoids

To verify flavonoids’ ability to act as signaling molecules able to affect growth parameters of the bacterial strain, the protocol illustrated by Huang et al. (Huang et al., 2019) was adopted with some modifications. Briefly, strain LB400 was grown overnight on a shaker (150 rpm) at 30°C in 1/2 TSB liquid medium in ultrapure Milli-Q water up to 0.6 OD600, corresponding to the strain LB400 late-log growth phase. The cultures were centrifuged (5 min, 4,000 rpm), washed in physiological buffer, and diluted 1,000-fold in the various media used for the bioassay, consisting of the 1/10 TSB added with flavone, flavanone, naringin, or naringenin at final concentrations of 10 µM, 20 µM, 50 µM, and 100 µM. For the flavonoid quercetin, a maximum concentration of 70 µM was used to avoid the formation of an insoluble precipitate. The diluted cultures were then aliquoted (200 µL per well) into a transparent 96-well plate (VWR, USA). Cultures diluted in 1/10 TSB with only flavonoid solvents were used as negative controls. Abiotic controls were aliquoted as blanks in order to subtract the absorbance background given by the media. Each condition was tested in three biological replicates with, respectively, three technical replicates. Bacterial growth was monitored by measuring optical density at 600 nm every hour for 24/48 h using a 96-well plate reader (Tecan, Switzerland), keeping the plate incubated at 30°C and shaking for 7 s before each measurement. Bacterial relative growth increments were calculated as specified by Wang et al. (2019) by comparing the growth in the presence of flavonoids and the specific controls, as well as the log2 fold change at specific time points of the growth curves. Maximum growth rate was calculated as specified by Navarro-Perez et al. (Navarro-Pérez et al., 2022).




2.4 Analysis of bacterial swimming motility

Bacterial motility toward root exudates plays an important role in the colonization of the rhizosphere (Lugtenberg and Kamilova, 2009), and flavonoids were demonstrated to enhance flagellar motility in non-rhizobial strain (He et al., 2022). Following the indications of Kearns (Kearns, 2010) and Bartolini and Grau (Bartolini and Grau, 2019), 1/10 TSB medium with 0.25% (w/v) agar were prepared to evaluate swimming motility. The medium was autoclaved, briefly cooled, and supplemented with the flavonoids at concentrations 50 µM, 70 µM, and 100 µM before being poured into the plate. The appropriate solvent for each flavonoid molecule was added to the plate as negative control. The plates were dried with the lid for 2 h under laminar flow hood. Strain LB400 was grown overnight at 30°C on a shaker (150 rpm) in 1/2 TSB to an OD600 of 0.6. The culture was subsequently washed by centrifugation (5 min, 1,670g, 4°C) and diluted in physiological buffer to a concentration of 0.5 OD/mL. After drying the media, 2 µL of the bacterial suspension was spotted at the center of the plate and left to dry for 30 min with the lid, and then 10 min without the lid, under laminar flow hood. After 24 h of incubation at 30°C, the plates were scanned and the colony diameter measured in duplicate for each plate using ImageJ software (https://imagej.nih.gov). Each condition was tested with three biological replicates (two for quercetin) with at least four technical replicates.




2.5 Chemotaxis assay

Chemotaxis enhances bacterial capacity to acquire high-value nutrients (Colin et al., 2021) and is adopted by soil microorganisms to detect root exudates (Feng et al., 2021) that exert a chemoattractant role, as in the case of flavonoids (He et al., 2022). Chemotaxis was tested using the quantitative gradient plate assay proposed by Reyes-Darias et al. (Reyes-Darias et al., 2016). Minimal A gradient plate medium containing 0.25% (w/v) agar was poured in square Petri dishes after autoclaving. The plates were cooled with the lid for 3 h under laminar flow hood. 10 µL of 50 mM–100 mM pure flavonoids were spotted at the central line of the plate as chemoeffectors, whereas the solvents were used as negative controls and 100 mM sodium pyruvate as positive control for chemoattraction. Plates were further dried for 1 h under laminar flow hood and incubated overnight at 4°C to allow gradient formation. Strain LB400 was grown overnight at 30°C in 1/2 TSB and washed with physiological buffer as reported before for swimming motility assay. The bacterial culture was diluted to a concentration of 0.5 OD600, and, after drying the plates for 45 min, 2 µL of bacterial solution was spotted at 2.5 cm distance from the chemoeffector. The plates were dried for 20 min to allow the complete absorption of the bacterial drop and incubated at 30°C for 72 h. Results were collected by scanning the plates and measuring the colony radius toward (D1) and opposite to the chemoeffector (D2) using ImageJ software. The chemotaxis response index (RI) was then calculated as RI = D1/(D1+D2). Each condition was tested in at least three independent biological replicates, each with at least eight technical replicates.




2.6 In vitro biofilm formation assay

Biofilms are assemblages of bacterial cells embedded in an exopolysaccharide matrix that contribute to the bacterial adherence to the surface of the root system (Jin et al., 2019). The flavonoid apigenin was reported to stimulate biofilm formation by soil diazotrophic bacteria, promoting bacterial colonization of rice tissues and improving nitrogen fixation (Yan et al., 2022). Biofilm formation in the presence of flavonoids was therefore estimated in vitro by quantifying the bacterial cell adhesion to a solid surface (polystyrene 96-well plate, VWR, USA) using crystal violet (CV) staining, following the method applied by Yoshioka et al. (Yoshioka and Newell, 2016) with few adaptations. Briefly, strain LB400 was grown overnight at 30°C on a shaker (150 rpm) in liquid K10T-1 medium and 2 mL of bacterial culture was harvested and washed twice in physiological buffer. The bacterial solution was resuspended in fresh K10T-1, and 10 µL was added to each well, containing 200 µL of K10T-1 supplemented with 1-µM, 10-µM, and 100-µM flavonoids, to obtain a final concentration of 106 cells/mL. Solvents were added to the medium as negative controls, and non-inoculated medium was aliquoted as blank. The plate was incubated statically for 2 days at 30°C. After incubation, OD600 of the bacterial cultures was measured using a 96-well plate reader (Tecan, Switzerland). The liquid culture was then carefully removed from the plate and the wells washed twice with phosphate-buffered saline (PBS). The cells adhering to the wells were stained for 15 min with 0.5% (weight/volume) crystal violet (CV) solution in 20% ethanol. CV solution was removed and the plate rinsed twice with distilled water and air dried for 15 min. The remaining CV was solubilized for 30 min using 200 µL/well of 97% ethanol, and OD600 was measured using a 96-well plate reader (Tecan, Switzerland). The CV optical densities obtained were then normalized using OD600 values measured previously for bacterial growth. Each condition was tested with three independent replicates.




2.7 Induction of the biphenyl degradative pathway in the LB400 strain by flavonoids

To assess if flavonoids act as potential inducers of the biphenyl catabolic pathway in strain LB400, an induction assay was performed. Adapting the protocol used by Pham et al. (Pham et al., 2015), LB400 was grown overnight in MMB supplemented with 30 mM sodium pyruvate on a rotatory shaker at 30°C. Aliquots of the bacterial culture (800 µL) were then used to inoculate glass vials containing 40 mL MMB supplemented with 30 mM sodium pyruvate only (as a control) or 30 mM sodium pyruvate plus 40 µL of flavonoids or biphenyl (positive control for bphA induction) to obtain a final concentration of 100 µM. The solvents in which flavonoids were dissolved were added in the same amount (40 µL) as negative controls in the absence of the putative inducer. All conditions were tested in triplicates. The vials were incubated at 30°C on a rotatory shaker, and for each condition, 1 mL of culture was sampled in triplicate when the bacterial cultures reached the mid-log phase (OD600 = 0.4-0.5), around 8 h after the start of the induction. Bacterial culture aliquots were then pelleted by centrifugation at 4,000 rpm at 4°C for 5 min. The pellet obtained was stored at −20°C for subsequent RNA extraction steps.




2.8 Total RNA extraction and RT-qPCR on the bphA gene

The induction of the oxidative biphenyl catabolic pathway for strain LB400 was analyzed by quantification of the expression of the bphA gene via reverse transcriptase quantitative PCR (RT-qPCR). Total RNA was extracted using the NucleoSpin RNA kit (Macherey-Nagel, Germany) following the manufacturer’s protocol, and RNA was eluted in 20 µL of RNAse-free water. To digest any residual gDNA, RNA cleanup and concentration protocol was performed using the NucleoSpin RNA XS kit (Macherey-Nagel, Germany) following the manufacturer’s instructions. Concentration and purity ratios of the extracted RNA were measured using a spectrophotometer (BioSpectrometer, Eppendorf, Germany). Reverse transcription (RT) was then carried out on 1 µg of RNA using RevertAid First Strand cDNA Synthesis kit (Thermo Fisher Scientific, USA) following the manufacturer’s indications. The thermal protocol requires the incubation of the template RNA with oligo(dT) primer for 5 min at 65°C, followed by incubation on ice for 5 min. After adding the reaction mixture, RT requires an incubation at 42°C for 60 min and 70°C for 5 min. Reactions in the absence of template RNA (NTC) and in the absence of reverse transcriptase (−RTC) were performed as controls. The cDNA obtained from reverse transcription of the total RNA extracted was diluted 1:10 in ultrapure Milli-Q water and subsequently used for qPCR. qPCR was performed using the CFX Connect Real-Time PCR Detection System (Bio-Rad, USA) using the SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, USA). The reaction volume was 12 µL containing 1 µL template cDNA (5 ng/µL) and 0.25 µM primers for the amplification of LB400 bphA gene (F: 5′-AAAAAGGGCTGCTTGATCCA-3′; R: 5′-CGGTTTCAGGCACATGACTCT-3′) as the gene of interest, or the reference 16S rRNA gene (F: 5′-GAATTGACGGGGGCCCGCACAAG-3′; R: 5′-AGGGTTGCGCTCGTTG-3′). Thermal protocol was set up as follows: 95°C (10 min), and then 40 cycles at 95°C (10 s) and 60°C (40 s). A control without the template cDNA was run, and all reactions were performed in triplicates. The relative abundance of bphA gene expression was obtained by subtracting the threshold cycle (Ct) of the reference gene to the Ct of bphA and obtaining ΔCt. The ΔCt of the bphA gene in the presence of the inducer was then further compared with the ΔCt in control conditions in the absence of the inducer. The relative expression value of bphA was then calculated as 2−ΔΔCt. The baseline bphA expression in the absence of inducers is therefore represented by the relative expression value of 1 in the resulting graph.




2.9 In vitro growth assay on Arabidopsis root exudates collected under PCB-18 stress

The ability of strain LB400 to exploit plant root exudates, released under different conditions (differential abundance of flavonoids, control conditions, PCB-18 stress), was evaluated. For root exudate collection, around 30 surface-sterilized seeds of the Arabidopsis thaliana Ler wild-type (WT) genotype, of the null mutant for flavonoid production tt4 or of the flavonoid overproducers tt8 and ttg, were cultivated on 1/2 MS liquid medium supplemented with 1% sucrose for 11 days. The medium was subsequently removed, the plants were washed twice with 1/2 MS, and then 10 mL fresh 1/2 MS liquid medium was added, supplemented with either 70 µM PCB-18 to induce the stress or acetone as untreated control. Root exudates from three biological replicates were collected and filtered at day 7 after the induction of the stress and stored at 4°C. Strain LB400 was inoculated in 1/2 TSB medium and incubated overnight at 30°C on a shaker (150 rpm). The next day, cells were collected and washed twice in physiological buffer by centrifugation (5 min, 4,000 rpm). Cells were inoculated in triplicates in a 96-well plate at a final concentration of 105 cells/mL, with the previously collected root exudates used as culture media. 1/2 MS media containing only 70 μM PCB-18 or acetone were used as negative controls without plant root exudates. The plate was incubated on a rotatory shaker at 30°C for 3 days, and then the bacteria were re-isolated and quantified by plating serial dilutions using the drop plate count method, obtaining the number of CFUs/mL.




2.10 Generation of a fluorescence-labelled LB400 strain

To allow fluorescence microscopy observations of root colonization, LB400 strain was labeled with a constitutive mScarlet-I fluorescent protein via conjugation, adapting the protocol illustrated by Schlechter and Remus-Emsermann (Schlechter and Remus-Emsermann, 2019) for chromosomic insertion. The two strains used were E. coli S17-1 as donor strain, containing the Tn5 transposon delivery plasmid pMRE-Tn5-145 (Addgene, USA) expressing mScarlet-I, and a rifampicin-resistant strain LB400 (RifR LB400) as recipient strain. The strains were grown in LB medium as illustrated by the protocol: E. coli was used at a concentration of 0.5 OD600, whereas different growth phases were evaluated for the recipient strain, and 0.2 OD600 (early-log phase) was selected for its higher efficacy for strain LB400 conjugation. The bacterial cultures were then mixed at 1:5 (donor:recipient) ratios using a concentration of 109 cells/mL of donor strain. Bacterial mating was carried out on nitrocellulose filter on an LB plate incubated a 30°C for 1 h. Trans-conjugants were gently resuspended from the filters using PBS and plated on LB containing 100 µg/mL rifampicin and 15 µg/mL gentamicin as selecting antibiotics. The trans-conjugants were re-streaked and single colonies tested for donor cell contamination via PCR using ITS primers (ITS-F: 5′-GTCGTAACAAGGTAGCCGTA-3′; ITS-R: 5′-GCAAGGCATCCACC-3′). Tn5 insertion in the recipient cells was then confirmed by multiplex PCR as described by Schlechter and Remus-Emsermann (Schlechter and Remus-Emsermann, 2019) using the primers FWD_Tn5_gt (5′-CTGAGTAGGACAAATCCGCCG-3′), REV_Tn5_gt (5′-GCCTCGGCAGAAACGTTGG-3′), FWD_Tn5/7_gt (5′-ATGGTGAGCAAGGGCGAG-3′) and REV_Tn5/7_gt (5′-CAACAGGAGTCCAAGCTCAG-3′). The phylogenetic identity of the trans-conjugant LB400 strains was then confirmed via Sanger sequencing of the 16S rRNA gene and the expression of mScarlet-I confirmed by fluorescence microscopy.




2.11 In vitro Arabidopsis root colonization assay in the presence of PCB-18

Strain LB400–Arabidopsis plantlet interaction was evaluated through in vitro assay under control conditions and under PCB-18 stress. Sterilized seeds were sown on 1/2 MS agar plates (9 g/L agar type E, Merck, Germany) containing P. xenovorans at a concentration of 2 × 105 cells/mL, vernalized for 2 days at 4°C in the dark, and then placed vertically in a growth cabinet for 5 days (22°C, 50% humidity, long day conditions with light intensity of 120 µmol/m–150 µmol/m). Mock-inoculated plates (without the bacterial inoculum) were prepared by adding an equal volume of physiological buffer. Five DAG (days after germination), Arabidopsis plantlets were transferred onto fresh 1/2 MS plates containing 20 µM PCB-18 (treated) or an equal volume of acetone (untreated). The plates were incubated for a total of 14 days in vertical position in a growth cabinet. Root systems of the growing plantlets (the number varied depending on root dimension) were collected at DAT (days after transfer) 0, meaning the moment of the transfer to new plates, 7 and 14. The roots were placed in preweighed Eppendorf tubes and their fresh weight measured. The roots were then homogenized with a TissueLyser II (QIAGEN, Germany) using the following protocol: two cycles at 20 Hz frequency for 20 s and, after adding 900 µL of physiological buffer, two cycles at 15 Hz for 1 min. The smashed suspension obtained was used as 10−1 solution to prepare serial dilutions for the drop plate count method for cell counting on LB plates. After overnight incubation at 30°C, bacterial colonies were counted and the root colonization efficiency expressed as CFUs/mg root fresh weight. At DAT 7, the plates were scanned to measure root length (RL) and the number of secondary roots (NSR) using ImageJ software, and lateral root density (LRD) calculated as NSR/RL. At DAT 14 plant root, shoot and total fresh weights were measured. All measurements were performed on three independent experiments and on at least 12 plants per condition.




2.12 Fluorescence microscopy analysis

Root colonization analysis was performed by investigating the profile of colonization in different sections of the roots of plantlets colonized by strain LB400 labeled with mScarlet protein, developed as previously described. The analysis was performed on Arabidopsis roots 7 days after the transfer on acetone or PCB-18-supplemented plates. The analysis was performed at the microscopy platform Unitech NOLIMITS available at the University of Milan. The fluorescence emitted by the mScarlet-tagged bacteria colonizing Arabidopsis plantlets was observed at the stereomicroscope (Stereo Nikon SMZ) by scanning the root system with 15× magnification. For the red signal of mScarlet, the excitation and emission wavelengths used were, respectively, 561 nm and 570 nm–620 nm. For an optimized visualization of the mScarlet-labeled strain on the Arabidopsis root system, the maximum brightness of all epifluorescence microscopy images was adjusted to value 100 by using ImageJ software.




2.13 In vitro early root colonization assay

This assay was adopted to explore the ability of different patterns of flavonoid exudation to affect early events of root adhesion and colonization by strain LB400. Six-day-old Arabidopsis plantlets (Ler WT, tt4, tt8, and ttg) were transferred individually to occupy a well in a 96-well plate with the root system positioned to ensure submersion in 300 µL of 1/2 MS liquid medium containing 107 cells/mL of an overnight-grown bacterial culture of strain LB400. After 1 h of incubation at room temperature, the plantlets were briefly washed by dipping three times in physiological buffer, harvested, and pooled (n = 8) into a preweighed Eppendorf tube with a metallic bead. Root weight was measured, and the root systems were homogenized using a TissueLyser as previously specified. The bacterial colonization ability was estimated as CFUs/mg of root by plating serial dilutions on LB plates.




2.14 In vitro screening and quantification of strain LB400 plant growth promotion activities



2.14.1 Indoleacetic acid production

Quantification of auxin produced by strain LB400 was performed as previously described (Bric et al., 1991). Briefly, strain LB400 was cultured on a shaker at 30°C for 72 h in LB medium supplemented with 500 µg/mL tryptophan. Optical density at 600 nm of the bacterial culture was measured, and 1 mL was harvested and centrifuged (10 min, 13,000 rpm) to collect the supernatant. 20 µL of orthophosphoric acid and 2 mL of Salkowski reagent (50 mL of 35% perchloric acid, 1 mL of 0.5 M FeCl3 solution) were added to the supernatant and incubated at room temperature for 20 minutes. The color intensity was measured using a spectrophotometer (OD530), and the quantity of auxin produced was obtained via interpolation with a standard curve obtained with indoleacetic acid (IAA) 10 µg/mL–100 µg/mL and normalized with the bacterial culture OD600.




2.14.2 Production of volatile organic compounds that promote plant growth

Quantification of the plant growth promoting potential of volatile organic compounds (VOCs) released by strain LB400 was tested as in Ryu et al. (Ryu et al., 2003). Five-day-old A. thaliana seedlings were transferred on one side of a partition Petri dish containing solid 1/2 MS medium, whereas, on the other side, 20 µL of a bacterial suspension in physiological buffer at a concentration of 108 cells/mL was spotted on LB medium. The bacterial suspension was obtained from strain LB400 grown overnight in LB medium and subsequently washed twice in physiological buffer by centrifugation (5 min, 4,000 rpm). 20 µL of physiological buffer without bacterium was used as negative control. Petri dishes were closed with Parafilm and incubated for 14 days in controlled conditions in a growth cabinet. Results of the plant growth promotion activity were registered by weighing the plant shoots (n = 6 from 5 independent plates and bacterial replicates).




2.14.3 Production of siderophores

Bacterial production of siderophores was measured as reported by Cherif et al. (Cherif et al., 2015). An overnight culture of strain LB400 was washed in physiological buffer and resuspended at 0.001 OD600. 10 μL of the suspension was spotted on LB plates and incubated for 72 h at 30°C. Once grown, 12 mL of a CAS-blue agar solution was poured onto the LB plates, forming an overlay for the detection of the siderophore production, and incubated overnight at room temperature. Siderophore production was quantifiable as an orange halo around the bacterial colony, due to the change of color of the CAS-blue. Bacterial colony diameter (C) and siderophore halo diameter (S) were measured, and the siderophore production efficiency (SE) of the strain calculated as SE = (S-C)/C, as reported by He et al. (He et al., 2022).




2.14.4 Formation of extracellular polymeric substances

Congo red (CR) assay for planktonic cells (Soo and Wood, 2013) was used to quantify the production of extracellular polymeric substances (EPS) as the amount of CR bound to the cells. Bound CR was calculated as the difference between the initial OD490, quantifying the CR present in the culture media and the remaining CR present in the supernatant after cell centrifugation after 3 and 6 h. The µg of CR bound to the cells was calculated via interpolation with a standard curve obtained with CR concentrations ranging from 0 µg/mL to 40 µg/mL and normalized with the bacterial culture density (OD600). The results were obtained from the average of five independent replicates.




2.14.5 Measurement of ACC deaminase activity

ACC (1-aminocyclopropane-1-carboxylic acid) deaminase activity was measured as the quantity of α-ketobutyrate (α-KB) produced by the hydrolysis of ACC, which is a precursor of ethylene. The protocol illustrated in detail by Belimov et al. (Belimov et al., 2005) was followed and the amount of α-KB was quantified by measuring the OD540 and interpolating the value with a standard curve obtained with α-KB 10-100 µg/mL. α-KB concentrations obtained were normalized with the bacterial culture OD600. The results were obtained from the average of five independent replicates.





2.15 Statistical analyses

Statistical analyses were performed using R. Normal data were tested using one-way analysis of variance (ANOVA), followed by Tukey–Kramer post-hoc test for multiple comparisons (confidence interval 95%). For non-normal data, Kruskal–Wallis non-parametric test was adopted, followed by Dunn’s post-hoc test (confidence interval 95%). To compare distributions with small sample size (n < 30), Mann–Whitney non-parametric test was used (confidence interval 95%).





3 Results



3.1 Plant flavonoids promote Paraburkholderia xenovorans LB400 growth

To test whether the selected model flavonoids affected P. xenovorans LB400 growth, the bacterium was grown in liquid culture (1/10 TSB) amended with increasing concentrations (10 µM to 70 µM/100 µM) of flavonoids as pure compounds. Flavonoids are secondary metabolites, and therefore, this assay had the objective to verify their role as potential signaling molecules that could stimulate or hamper bacterial proliferation in a diluted carbon-rich medium. As indicated in the heatmap in Figure 1A, the assayed flavonoids selectively modulated the growth of strain LB400 in a concentration-dependent manner. In the presence of naringin and quercetin, bacterial growth was promoted at all assayed concentrations. Naringenin improved bacterial growth only at the highest concentrations of 50 and 100 µM, whereas for flavanone the growth promotion effect was observed at 20 µM and 100 µM and an inhibition effect was recorded at 50 µM. Flavone promoted strain LB400 proliferation at 20 µM and 50 µM (Figure 1A and Supplementary Figure 1). The flavonoid-mediated improvement in growth parameters is also mirrored in an increased bacterial biomass reached at the stationary phase, after 24 h/30 h of growth (Figure 1B). The higher relative growth increments compared with the control were recorded for 20 µM flavanone and flavone (+9.2% and +15.3%, respectively), for 50 µM naringin and naringenin (+27.8% and +17.3%, respectively) and for 50 µM quercetin (+40.1%) (Figure 1B and Supplementary Figure 2). The growth curves were elaborated to estimate the effect of flavonoid supplements on bacterial maximum growth rate (Supplementary Table 1). Under all assayed concentrations of naringin, strain LB400 exhibited a higher maximum growth rate compared with the control. An increase in this growth feature was observed for 20 µM flavone and 50 µM naringin, as well. Interestingly, quercetin supplements decreased bacterial maximum growth rate, but the achievement of a higher bacterial biomass could be attributed to a longer exponential growth phase and a delayed entrance in the stationary phase (Figure 1; Supplementary Table 1 and Supplementary Figure 1). Given these findings, it was inquired if flavonoids could be exploited as carbon sources since bph-encoded dioxygenases originally evolved to catabolize plant secondary metabolites (Singer et al., 2003). By cultivating the strain in mineral medium supplemented by flavonoids as a unique carbon source, we observed that only naringin and naringenin could support bacterial growth (Supplementary Figure 3).




Figure 1 | Effects of flavonoid compounds on the growth of Paraburkholderia xenovorans LB400. (A) Growth modulation activity of flavonoids supplemented as pure chemicals to 1/10 TSB liquid medium. The heatmap shows log2 fold change of strain LB400 treated with different concentrations (10 µM to 70 µM/100 µM) of the assayed flavonoids versus the respective solvent control at various time points over 24 h (48 h for quercetin only). The corresponding graphical growth curves are depicted in Supplementary Figure 1. (B) Bacterial biomass reached the stationary phase at 24 h (30 h for quercetin only) is expressed as OD600. The bars represent the average ± standard deviation of three independent replicates. Statistical analysis was performed using the Mann–Whitney test by comparing the flavonoid concentrations with the respective solvent control (***p ≤ 0.001).






3.2 Flavonoids affect Paraburkholderia xenovorans LB400 chemoattraction, motility, and biofilm formation ability

Chemotaxis and cell motility are considered essential features in the early phases of microbial colonization, leading to primary root surface attachment (Allard-Massicotte et al., 2016; Manner and Fallarero, 2018). Hence, we verified if flavonoids could modulate strain LB400 chemotactic responses, potentially influencing its root colonization ability. In vitro chemotaxis assay demonstrated that strain LB400 was attracted by 50 mM and 100 mM naringenin and by 50 mM quercetin (Figure 2A), whereas no statistically relevant effects were observed for the other flavonoid molecules assayed (data not shown). To evaluate if flavonoids regulate flagellar movement, an in vitro swimming assay was performed. While treatment with 50 µM and 100 µM naringin significantly increased the bacterial swimming halo, both 50 µM and 100 µM flavone and quercetin decreased strain LB400 swimming ability (Figure 2B). Biofilm formation is a fundamental feature for rhizospheric bacteria to ensure a stable attachment to the root surface (Zboralski and Filion, 2020): 10 µM and 100 µM naringin and naringenin promoted the ability of the bacterium to adhere and form a biofilm on the substrate (Figures 2C, D). These results suggest that the assayed flavonoids elicited different chemotactic motility and biofilm formation responses in P. xenovorans LB400, potentially influencing its recruitment by the plant through root exudation.




Figure 2 | Flavonoids affect P. xenovorans LB400 chemotaxis, motility, and biofilm formation abilities. (A) Chemotaxis of strain LB400 toward flavonoids on gradient plates after 72 h of growth at 30°C is quantified by calculating the chemotaxis response index (RI). RI higher than 0.52 indicates chemoattraction, RI lower than 0.48 indicates repulsion, whereas 0.48 < RI < 0.52 indicates neutral behavior. Statistical analysis was carried out on at least three independent experiments using ANOVA followed by Tukey–Kramer post-hoc test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001). (B) Percentage of relative increase of the swimming halo diameter of strain LB400 was calculated as described by Wang et al. (Wang et al., 2019). Statistical analysis was carried out on at least three independent experiments using Dunn’s post-hoc test (*p ≤ 0.01; ***p ≤ 0.001). The graphs (C, D) report the relative biofilm formation ability of strain LB400 in the presence of the flavonoids naringin (C) and naringenin (D) expressed as the ratio between the OD600 value for crystal violet staining and the OD600 indicating bacterial growth, as described in the material and methods section. Error bars represent the standard deviation of three independent experiments. Statistical analysis was performed using Dunn’s post-hoc test, and letters indicate statistically different groups (p ≤ 0.05).






3.3 Flavonoids induce the expression of the bphA gene in strain LB400

Flavonoids were demonstrated to influence the PCB degradative potential of soil microorganisms, acting as inducers or co-metabolites of the catabolic operon bph (Toussaint et al., 2012; Zubrova et al., 2021). The ability of individual flavonoid molecules to induce the transcription of the degradative machinery in strain LB400 was assessed by monitoring bphA gene relative expression by RT-qPCR. The relative induction rates indicated that two of the assayed flavonoids, namely, flavone and quercetin, were able to increase the levels of bphA transcripts after 8 h of incubation, similarly to biphenyl, the model inducer of the bph operon (Figure 3). These observations highlight flavonoid ability to activate the expression of PCB degradative traits in P. xenovorans LB400.




Figure 3 | Relative gene expression of the bphA gene in strain LB400 exposed to flavonoids. The relative gene expression of the bphA gene was quantified via RT-qPCR, using the 16S rRNA gene as a housekeeping gene. The results of the relative expression of bphA transcripts are expressed as ΔΔCt, indicating the average fold change over the non-induced control. The black line (relative gene expression value = 1) represents the baseline of gene expression in the non-induced control. Biphenyl was used as positive control. Error bars represent the standard deviation of three independent experiments. Statistical analysis was performed using Dunn’s post-hoc test and asterisks indicate significant differences from the control (**p ≤ 0.01, ***p ≤ 0.001).






3.4 Differential exudation of flavonoids affects P. xenovorans LB400 early adhesion on Arabidopsis roots

Given the results obtained with flavonoids as pure chemicals, we verified if differences in the amount and chemistry of flavonoids in the complex natural blend of exuded compounds released by plant roots could affect strain LB400 growth and root adhesion efficiency. For this purpose, the Arabidopsis mutant lines tt4, tt8, and ttg, differentially altered in flavonoid biosynthesis and exudation (Narasimhan et al., 2003), were adopted. To investigate the effect of root exudates on strain LB400 root adhesion ability, Arabidopsis plantlets of the different genetic backgrounds were exposed for 1 h to the bacterial culture before proceeding with the re-isolation of cells adhering on the rhizoplane, aiming to focus on the role of flavonoids in the early events of bacterial colonization. It was observed that in 1 h, strain LB400 colonized both WT and tt4 roots at a similar rate (5.57 × 103 and 5.42 × 103 CFUs/mg of root fresh weight, respectively) whereas the bacterial density increased in the tt8 line, which accumulates flavonoid aglycones (1.09 × 104 CFUs/mg of root fresh weight) (Figure 4A). On the contrary, roots of ttg, which overproduces flavonoid conjugates, were less colonized compared with the other lines (1.25 × 103 CFUs/mg of fresh root weight) (Figure 4A). These results suggest that two distinct flavonoid-overexpressing fingerprints differently affect strain LB400 colonization ability in the early events of root adhesion.




Figure 4 | Root exudates from Arabidopsis mutants with distinct flavonoids exudation pattern affected P. xenovorans LB400 early colonization and were diversely exploited by the bacterium for growth. (A) Early colonization was measured via re-isolation of strain LB400 from Arabidopsis roots after 1 h of incubation. The graph reported the average and standard deviation values of three independent replicates for all the assayed Arabidopsis genotypes. Statistical analysis was performed using Dunn’s post-hoc test, and letters indicate statistically different groups (p ≤ 0.05). (B) Strain LB400 growth on root exudates collected from WT Arabidopsis and flavonoid metabolic mutant lines at day 7 of treatment under control conditions (plants exposed to acetone, the solvent used to dissolve PCB-18) or PCB stress induced by the treatment with 70 µM PCB-18. NC indicates 1/2 MS medium containing only acetone or 70 µM PCB-18, without plants, and was used as axenic control. Strain LB400 was inoculated at a concentration of 5 × 104 cells/mL and grown for 3 days before re-isolation. The bars represent the average and standard deviation values of three independent experiments. Statistical analysis was performed using Dunn’s post-hoc test and letters indicate statistically different groups (p ≤ 0.05).






3.5 Flavonoid exudation affected the bacterial ability to exploit plant root exudates as nutrient sources

We tested whether the complex blend of root exudates produced by the mutants could sustain bacterial growth as a nutrient source and eventually provide signaling molecules for enhanced bacterial proliferation. WT and ttg mutant plant exudates showed a similar ability to support strain LB400 growth (Figure 4B, light blue bars). On the other hand, the exudates released by tt4 and tt8 relevantly contributed to enhance bacterial growth, allowing the formation of a higher bacterial biomass (4.66 × 107 CFUs/mL and 2.02 × 107 CFUs/mL for tt4 and tt8 lines, respectively).

Considering flavonoid involvement in the expression of the bphA gene (Figure 3), root exudates were also collected from plantlets subjected to PCB-18 stress, to assess if strain LB400 could be a target for a potential “cry-for-help” strategy. The exudates collected from the WT and the different Arabidopsis mutants cultivated in presence of 70 µM PCB-18 showed the capacity to sustain strain bacterial growth (Figure 4B, red bars). Strain LB400 growth was unaffected by the presence of stress-triggered exudates released by WT and ttg, showing no major differences in using the root exudates released by these lines in the presence and absence of PCB stress. On the other hand, strain LB400 growth dropped of one order of magnitude with tt4 exudates released upon PCB-18 stress (5.49 × 106 CFUs/mL) compared with the control conditions, and similarly, a decrease was also observed in the bacterial ability to exploit tt8 exudates released under stress compared with the control.




3.6 P. xenovorans LB400-mediated plant growth promotion under control conditions and under PCB stress showed a similar pattern in Arabidopsis lines affected in flavonoid biosynthesis

The role of flavonoids in strain LB400–plant interaction was investigated in planta by taking advantage of a well-established microcosm system set up to assess the interaction between beneficial microbes and Arabidopsis plantlets (de Zélicourt et al., 2018; Rolli et al., 2022). In addition, a specific in-plate assay was developed in this study to simulate PCB-induced phytotoxicity in Arabidopsis. It was observed that the exposition to 20 µM PCB-18 dramatically affected plant growth and development and prompted a series of injuries attributable to PCB stress (Supplementary Figure 4). Indeed, when grown for 14 days in the presence of PCB-18, all the assayed Arabidopsis mutant lines reported a significant reduction in root fresh weight that was coupled also to a decrease in total plant biomass, depending on the genotypes (Figures 5A–D and Supplementary Figure 5). By analyzing root architecture, only slight differences were observed in terms of primary root length and number of secondary roots, suggesting that PCB-18 stress mainly affected root biomass rather than its morpho-phenotypic traits (Supplementary Figure 6). This assay was adopted to compare strain LB400-mediated growth promotion in the WT plants with tt4, tt8, and ttg mutant lines under control conditions and in the presence of PCB stress. Colonization with strain LB400 promoted plant growth by increasing plant biomass of both shoots and roots in WT and all mutant plant lines grown under control conditions (Figures 5A–D and Supplementary Figure 5). In particular, in the root system, strain LB400 induced the formation of a longer primary root, whereas the number of secondary roots showed a variation that was genotype-related (Supplementary Figure 6). These findings underlined that strain LB400 possesses plant growth promoting (PGP) traits and that the promotion activity was not altered in Arabidopsis backgrounds that are featured by null synthesis or overproduction of flavonoids. The PGP potential of LB400 was further investigated through quantitative in vitro tests, demonstrating that P. xenovorans LB400 possesses a large portfolio of PGP traits, including auxin synthesis (31.4 µg IAA/OD600), ACC-deaminase activity (32.7 µg αKB/OD600), EPS production (2.08 µg bound Congo red/OD600), siderophore release, and production of VOCs (Supplementary Figure 7). These beneficial features, linked with the PCB degradative activity of the strain, may explain strain LB400 ability to sustain plant growth both under control conditions and under PCB-18 stress. Remarkably, LB400 demonstrated to mitigate the toxicity stress in plants cultivated in the presence of 20 µM PCB-18 for WT and the tt4 and tt8 mutants whereas only the ttg mutant did not show the beneficial effect provided by the bacterial inoculant (Figures 5A–D and Supplementary Figure 5). No major changes in Arabidopsis colonization pattern were observed either by re-isolation (Supplementary Figure 8) and by fluorescence microscopy analysis (Figure 5E and Supplementary Figures 9 and 10).




Figure 5 | P. xenovorans LB400 growth promotion, colonization efficiency, and root adhesion profile were not differentially affected in Arabidopsis plants with diverse profiles of flavonoid biosynthesis and exudation. (A–D) Root fresh biomass of sterile and strain LB400-colonized Arabidopsis plantlets grown under control conditions (acetone) and challenged by 20 µM PCB-18 treatment in WT (A), tt4 (B), tt8 (C), and ttg (D) lines, respectively. The boxplots represent data from three independent experiments. Letters indicate statistically different groups (Dunn’s post-hoc test with p ≤ 0.05). (E) Fluorescence microscopy analysis of the mScarlet-labelled LB400 strain colonization pattern on the root system of WT plantlets 7 days after PCB treatment or in control conditions (acetone).







4 Discussion

Root chemistry alteration by the components of the holobiont, either the host plant or the associated microbiota, is emerging as a valuable strategy for the recruitment and the preservation of the microbial functionalities that result in the consolidation of the holobiont fitness under stress, guaranteeing its useful services like rhizoremediation (Voges et al., 2019; Korenblum et al., 2020). The pillar of this process is the structural affinity between the contaminants and plant secondary metabolites that drive their degradation through the same enzymatic machinery of the microbial peripheral pathway. In this vision, the ecological services provided by the bph operon are hijacked from the degradation of biphenyl-like PSMs to also allow PCB catabolism, conferring a selective advantage to bph-equipped bacteria in polluted rhizosphere soil. Therefore, bioremediation relies on evolutionary-shaped processes, comprising the enzymatic versatility of microbial metabolism and the inter-kingdom trophic interactions among plants and microbes.

Among others, flavonoids constitute a broad group of specialized secondary metabolites (Vives-Peris et al., 2020), consistently abundant in the root exudates of several plant species including legumes (Leoni et al., 2021) and trees like Acer saccharum, Alnus rugosa, Fagus grandifolia, Picea abies, Pinus strobus, and Quercus rubra where catechin, naringenin, and taxifolin represented the most abundant exudates (Zwetsloot et al., 2018). Recent evidence supports the vision of a broader role for flavonoids in plant–microbe dynamics that could allow the development of beneficial relationships also in non-nitrogen-fixing crops and with non-rhizobial bacterial species (Yu et al., 2020; Kudjordjie et al., 2021; Yu et al., 2021; He et al., 2022). In this framework, our aim was to investigate whether flavonoids could affect the rhizocompetence and the degradation potential of the model PCB-degrader P. xenovorans LB400, thus contributing to the recruitment of a beneficial strain able to alleviate plants from the phytotoxic damages caused by these recalcitrant compounds (Rolli et al., 2021).

Our findings indicate that the exposure of strain LB400 to micromolar concentrations of plant flavonoids, supplied as pure chemicals, can selectively modulate the growth of the bacterium, affecting its proliferation, biomass yield, and maximum growth rate, both in relation to the specific flavonoid molecule type and its concentration. Similarly, some triterpene compounds like thalianin and arabidin previously demonstrated to specifically affect members of Arabidopsis root microbiota by promoting or inhibiting their growth and by serving as carbon sources (Huang et al., 2019). This flavonoid-triggered effect could drive relevant consequences in the proliferation ability of degrading bacteria in the rhizosphere of plants growing in PCB contaminated environments. Although considered the largest biome on earth, soil is an oligotrophic environment subjected to fluctuations in nutrient and water availability (Hartmann and Six, 2023). Endowed with a 15-carbon skeleton, flavonoids represent valuable nutrient sources for those rhizosphere microorganisms harboring appropriate catabolic enzymes, like Rhizobium, Bradyrhizobium, Acinetobacter, and Pseudomonas (Rao and Cooper, 1995; Pillai and Swarup, 2002; Arunachalam et al., 2003). Pseudomonas putida PLM2 showed to aerobically catabolize quercetin through oxidation and/or reduction reactions that led to the formation of catechol (Pillai and Swarup, 2002), and P. xenovorans LB400 itself was able to use morusin, morusinol, and kuwanon C, flavones produced by fine roots of mulberry, as sole carbon sources (Leigh et al., 2002). Therefore, the ability to exploit the flavonoid resource may represent an important selective value in plant–microbe interactions. It has been shown that the chemical variation of Avena barbata root exudates along the plant lifespan is coupled to the microbial succession of different phyla that encode for uptake systems and catabolic enzymes useful to exploit exudates as nutrient sources (Zhalnina et al., 2018). Indeed, micromolar supply of quercetin to an agricultural soil differentially affected specific microbial taxa, increasing up to 76% the relative abundance of Proteobacteria (Schütz et al., 2021). In agreement with our findings on flavonoid-triggered growth promotion in P. xenovorans strain LB400, Bradyrhizobium strain ORS285 can metabolize naringenin into a hydroxylated and methoxylated derivative that did not act as a Nod inducer. Instead, it stimulated bacterial growth presumably by regulating the glycerol and fatty acid metabolism (Nouwen et al., 2019). These results suggest that the assayed flavonoid compounds, being used as carbon sources or proliferation-stimulating agents, may contribute to fuel microbial growth and to increase P. xenovorans LB400 proliferation and persistence in the rhizosphere.

Furthermore, our results demonstrated that naringin and naringenin enhance swimming motility, chemotaxis, and biofilm formation in strain LB400, traits that are often enriched in the genomes of plant-associated bacteria compared with soil-inhabiting ones (Levy et al., 2018) and that are believed to be involved in rhizosphere recruitment and colonization (Santoyo et al., 2021). Our observations support the evidence that root-secreted flavonoids constitute a carbon-rich reservoir that might induce priming mechanisms in soil microorganisms (Zwetsloot et al., 2018). This function is not necessarily related to the use of flavonoids as primary carbon sources but also to their role as intermediate substrates, signaling molecules, or attractants that can stimulate various metabolic activities, useful to support plant growth and survival in harsh conditions. Indeed, most of the bacteria isolated from the rhizosphere of maize, mustard cabbage, and lettuce grew similarly well on both host and non-host exudates, indicating a large metabolic versatility to exploit plant released compounds (Dhungana et al., 2023).

Studying the temporal dynamics of root exudation, McLaughlin and coauthors demonstrated that in few hours the main determinants of three distinct plant species exudate patterns were released by the roots and their concentration then increased with time (McLaughlin et al., 2023). This evidence motivated the use in this work of three Arabidopsis lines that are affected in flavonoid biosynthesis to verify whether strain LB400 was differentially recruited in the rhizoplane. Arabidopsis thaliana stands as a proficient model for holobiont dynamics under abiotic stresses (Poupin et al., 2023) and offers a large portfolio of well-characterized genetic and metabolic resources, especially for flavonoid biosynthesis, regulation, and exudation (Nakayama et al., 2019). It was observed that in 1 h, the WT and the null-producer tt4 line were similarly colonized, tt8 roots were colonized at higher efficiency whereas ttg roots were far less colonized. In the assayed mutant lines, flavonoids are the root exudates mainly affected and therefore they vary largely in quantity and composition. Nevertheless, in the complex blend of exudates released by these mutant lines, also other molecules of the phenylpropanoid pathway result to be differentially exuded (Narasimhan et al., 2003), thus making it intricate to distinguish an effect mediated undoubtedly by flavonoids. The scenario is even more complex, considering that different flavonoids have been showed to exert contrasting functions in the recruitment of microbial taxa in the rhizosphere (Wang et al., 2022). Indeed, naringenin strongly improved Aeromonas sp. chemotaxis and motility, potentially explaining the higher colonization rate in pap1-D mutant that overaccumulates anthocyanins and flavonols (He et al., 2022). On the other hand, daidzein, that possesses antimicrobial activity, decreased the α-diversity of the microbial community in soybean rhizosphere, suggesting a potential role as chemorepellent (Okutani et al., 2020). Tadra-Sfeir and colleagues reported a transcriptomic study on the diazotrophic bacterium Herbaspirillum seropedicae, highlighting that naringenin repressed bacterial motility while enhancing early root colonization and activating the expression of genes related to the degradation of aromatic compounds (Tadra-Sfeir et al., 2015). Similarly, we observed that different flavonoid molecules can exert specific effects: while quercetin and flavone did not contribute to bacterial swimming motility, they acted as inducers of the PCB degradative pathway. Some of the observed effects are also concentration-dependent, as in the case of flavone-mediated promotion of strain LB400 growth. No precise information is available about flavonoid concentration in the rhizosphere, also considering the impact of abiotic processes like adsorption to soil particles or biological degradation by the soil microbiota (Shaw et al., 2006; Del Valle et al., 2020). Therefore, there is the possibility that flavonoid concentrations used for the in vitro experimental setup are higher than those available in the rhizosphere. In axenic systems for root exudate collection, for instance, flavonoids were estimated in micromolar ranges (Toussaint et al., 2012), suggesting that the concentrations used in the present study can indeed affect bacterial physiology and plant–bacteria interactions mimicking the real conditions that could be found in soil.

Our interest in testing the selected Arabidopsis lines was also coupled to their previous exploitation in a rhizo-engineering strategy for PCB removal by the degrading strain Pseudomonas putida PML2 (Narasimhan et al., 2003). Importantly, all the different blends of exudates released by the Arabidopsis lines used in this study could successfully support P. xenovorans growth, independently from their over- or underproduction of flavonoids given by the genetic mutation. Presumably, some of the aromatic organic acids that are overaccumulated in the absence of flavonoids in tt4 exudation, like cinnamic acid and indole-3-acetic acid (Narasimhan et al., 2003), which were previously highlighted as preferentially consumed by rhizospheric microorganisms (Zhalnina et al., 2018), could contribute to the enhanced ability of sustaining strain LB400 growth under control conditions. The changes in the exudation pattern induced by the “cry-for-help” in the presence of PCB stress are still unknown. Here, we observed that no major changes occurred in strain LB400 growth in the presence of exudates from WT plants cultivated with or without PCB, thus excluding a prompt “cry-for-help” effect, as already observed for Aeromonas sp. H1 under dehydration stress (He et al., 2022). In any case, the growth of strain LB400 on exudates released under PCB-18 stress decreased for tt4 and tt8 mutants, exhibiting absent (tt4) or modified flavonoid biosynthesis (tt8), thus potentially supporting a role of flavonoids and/or their aglycones in nurturing degrading bacteria. Bacterial growth was not affected in the presence of the flavonoid-hyperproducing ttg mutant exudates, independently from the treatment. This mutant line releases conjugated flavonoids, which are more hydrophilic, mobile, and bioavailable molecules. Therefore, they are considered short-lived forms that can be potentially rapidly degraded by plant and microbial glucosidases (Hartwig et al., 1991), leading to formation of byproducts that are still poorly characterized for their effect on soil microbiota and influence in the rhizosphere dynamics (Shaw et al., 2006).

Based on previous research on PCB-18 toxicity in Arabidopsis (Bao et al., 2013), an in vitro assay was developed that simulated the phytotoxic effects induced by PCBs that led to reduced plant growth and development, with the aim to assess P. xenovorans LB400–plant interaction under PCB stress. As a model strain for PCB removal (Chain et al., 2006), strain LB400 was previously used mainly in bioaugmentation approaches for contaminated sediments (Tehrani et al., 2014; Le et al., 2015; Bako et al., 2022), whereas its association with plant roots is still largely overlooked. Recently, Paraburkholderia phylotypes, matching with P. xenovorans LB400, were retrieved in forest soil with sugar maple, red pine, and black locust trees as the dominant p-hydroxybenzoic acid responder, supporting the notion of the presence of a specialized metabolism to degrade phenolics upon priming (Wilhelm et al., 2021). Therefore, the present study contributes to widen the knowledge on P. xenovorans LB400 beneficial contribution to plant growth showing that, in addition to its well-documented PCB degradation ability (Ponce et al., 2011), this bacterial strain is also endowed with a large portfolio of PGP traits, potentially contributing to further boost plant fitness under stress (Marasco et al., 2012; Vigani et al., 2019). Strain LB400 administration to the plant contributed to improve both shoot and root biomass, with the root weight being the growth parameter that was mostly affected by PCB-18 stress in the developed assay. P. xenovorans LB400 exerted beneficial effects both under control conditions and under stress, in WT and Arabidopsis mutants with null (tt4) or overexpressing (tt8) flavonoid metabolism, whereas it did not show to improve the growth of the overproducer ttg mutant line when growing under PCB stress. Considering also that the degrading strain Pseudomonas putida PML2 performed the most remarkable PCB depletion (more than 90%) in the WT Arabidopsis roots rather than in the mutants (Narasimhan et al., 2003), these observations may suggest that the bacterial-driven plant growth promotion under control conditions and under PCB stress could be achieved through a flavonoid-independent mechanism.

Our results delineate a scenario in which these secondary metabolites play a pivotal role in facilitating the early bacterial recruitment in the rhizoplane. Indeed, once the bacterium is settled on the root surface, strain LB400 colonization efficiency (at 7 and 14 DAT) and adhesion pattern (at 7 DAT) did not differ among the investigated Arabidopsis genotypes. A similar trend was also observed for P. putida PML2, which colonized with a similar efficiency the three Arabidopsis lines that produce flavonoids, although the tt4 line presented less bacterial cells (Narasimhan et al., 2003).

Remarkably, a fluorescence-labeled version of strain LB400 was developed within this study, contributing to specifically visualize the colonization profile on the root system. It was observed that strain LB400 established homogeneously on the primary roots from the differentiation zone to the apical region, whereas secondary roots were not colonized 7 DAT. Nevertheless, it was previously observed that Bacillus subtilis established early in the root elongation zone of Arabidopsis, a potential hotspot for exudation, but this event preceded the colonization over the entire root length (Knights et al., 2021). Interestingly, this colonization pattern complied with the bacterial-mediated remodeling of root architecture that mainly affected primary root length and biomass. Often, bacterial-triggered remodeling of root architecture is mediated by the alteration of plant hormone homeostasis. The PGP strain Achromobacter sp. 5B1, for instance, influenced the growth and branching pattern of Arabidopsis roots through a redistribution of auxins in the primary roots, with the result of improving salt resistance (Jiménez-Vázquez et al., 2020). Strain LB400 was shown to be able to produce IAA and VOCs and express the ACC-deaminase enzyme, having thus the potential to interfere with the plant hormone homeostasis.

In addition to PGP traits, bacterial degradative ability is an essential beneficial factor in plant–microbe interaction in contaminated soils. P. xenovorans LB400 is a well-known PCB degrader, and our study contributes to further explore its degradation potential by demonstrating the ability of flavone and quercetin to activate the transcription of the bph operon at similar levels as biphenyl. Although possessing genetic differences (Hirose et al., 2019), isoflavone and quercetin, among other flavonoids, acted as co-metabolites by inducing the bph operon expression in the degrading strains Rhodococcus erythropolis U23A and Pseudomonas alcaliphila JAB1 (Pham et al., 2015; Zubrova et al., 2021).

To summarize, our results are in line with recent evidence claiming a broader role for flavonoids in the recruitment and assembly of the plant microbiota with regard to non-rhizobial strains (He et al., 2022). This role includes the early sustainment of bacteria in the rhizoplane in two ways: (i) recruitment by stimulating chemotaxis and motility processes, resulting in root attachment through biofilm formation and (ii) induction of proliferation of the bacteria established on the root by their action as nutrients or growth stimulator signals. Furthermore, flavonoids improve strain LB400 degradative functionalities for PCB removal, with the potential effect of reducing soil phytotoxicity. These aspects are crucial in rhizo-remediation strategies, whose success rely in the synergistic activities performed by the host plant and the degrading microbiota. Nevertheless, our results specifically highlight that flavonoids are important to initiate Arabidopsis root colonization, but once a baseline colonizing community is established, at longer time intervals, presumably other mechanisms and/or other plant exuded metabolites occur in plant–bacteria interaction to sustain bacterial growth and colonization pattern, both under control conditions and PCB stress.

More research is needed to disclose the differential composition of root exudation under PCB stress and identify the key secondary metabolites that are released by the plant following the “cry-for-help”. Although single-strain studies in axenic plant systems contribute to determine the causative mechanisms, exploiting PCB-degrading synthetic communities would be useful to address the complexity of interactions among bacteria and host plants in contaminated environments. With this knowledge, it would be possible to mechanistically demonstrate the impact of stress-triggered root exudation in recruitment, colonization, and functional features of degrading bacteria, with the ultimate goal to exploit them to sustain rhizoremediation services in contaminated soils.

In the perspective of a field approach, the use of plant secondary metabolites as specific biostimulants to shape the microbiome toward desired services is an attractive strategy for rhizoremediation (Koprivova and Kopriva, 2022). Such approach was applied to facilitate the mineralization of organic phosphorus, showing that soil amendments with quercetin, naringenin, or luteolin increased the relative abundance of Micrococcaceae and Nocardioidaceae, bacterial families that positively correlated with enhanced alkaline phosphatase activity, in rhizospheric soil (Wang et al., 2023). A major limitation to this kind of approach is the reduced lifetime of flavonoids in soil, estimated to decrease up to 63%, due to sorption or other reactions with dissolved organic carbon (Del Valle et al., 2020). On the other side, foliar application of rutin significantly enhanced Amaranthus hypochondriacus phytoremediation efficiency to remove cadmium by favoring its immobilization in the cell wall rather than in the vacuole (Kang et al., 2022).

The other crucial players in rhizoremediation are plants: so far, species showing resilience, high biomass production, resistance to pollutants’ toxic effects, and easy-to-grow ability have been identified (Kafle et al., 2022). This is the case of Festuca arundinacea that was broadly applied for land reclamation of soils exhibiting a diverse array of pollution profiles, including hydrocarbons, heavy metals (Khashij et al., 2018), and PCBs as well (Terzaghi et al., 2019). Improving this knowledge would allow, for instance, the selection of plants exhibiting specific host phenotypes, including an enriched exudation of specific metabolites, to select for more efficient PCB degrading strains through host-mediated microbiome engineering.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: UNIMI Dataverse repository at https://dataverse.unimi.it/dataverse/SENSE.





Author contributions

EG: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Validation, Visualization, Writing – original draft, Writing – review & editing. ER: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. LV: Investigation, Writing – original draft, Writing – review & editing. SB: Conceptualization, Funding acquisition, Project administration, Resources, Supervision, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This project has received funding from the European Union’s Horizon 2020 research and innovation programme under the Marie Sklodowska-Curie grant agreement N° 841317. SB thanks support from Università degli Studi di Milano—PSR 2021-GSA-Linea 6 within the project “One Health Action Hub: University Task Force for the resilience of territorial ecosystems”. ER thanks personal support from the project “MEET-Flavonoids-mediated recruitment and assembly of root microbiome in PCB contaminated soil” (PSR2021: Linea 2- Azione A, Università degli Studi di Milano).




Acknowledgments

The authors are grateful to Dr. Antonio Ciusa for technical support in the statistical analysis and to Dr. Tereza Smrhová from the University of Chemistry and Technology in Prague (Czech Republique) for technical support in the lab for strain LB400 transformation via conjugation.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1325048/full#supplementary-material




References

 Allard-Massicotte, R., Tessier, L., Lécuyer, F., Lakshmanan, V., Lucier, J. F., Garneau, D., et al. (2016). Bacillus subtilis early colonization of Arabidopsis thaliana roots involves multiple chemotaxis receptors. mBio 7 (6), e01664–e01616. doi: 10.1128/mBio.01664-16

 Arunachalam, M., Mohan, N., Sugadev, R., Chellappan, P., and Mahadevan, A. (2003). Degradation of (+)-catechin by Acinetobacter calcoaceticus MTC 127. Biochim. Biophys. Acta (BBA). 1621, 261–265. doi: 10.1016/S0304-4165(03)00077-1

 Asai, K., Takagi, K., Shimokawa, M., Sue, T., Hibi, A., Hiruta, T., et al. (2002). Phytoaccumulation of coplanar PCBs by Arabidopsis thaliana. Environ. pollut. 120 (3), 509–511. doi: 10.1016/s0269-7491(02)00311-1

 Bako, C. M., Martinez, A., Ewald, J. M., Hua, J. B. X., Ramotowski, D. J., Dong, Q., et al. (2022). Aerobic bioaugmentation to decrease polychlorinated biphenyl (PCB) emissions from contaminated sediments to air. Environ. Sci. Technol. 56, 14338–14349. doi: 10.1021/acs.est.2c01043

 Balloi, A., Rolli, E., Marasco, R., Mapelli, F., Tamagnini, I., Cappitelli, F., et al. (2010). The role of microorganisms in bioremediation and phytoremediation of polluted and stressed soils. Agrochimica 54.6, 353–369.

 Bao, L., Gao, C., Li, M., Chen, Y., Lin, W., Yang, Y., et al. (2013). Biomonitoring of non-dioxin-like polychlorinated biphenyls in transgenic Arabidopsis using the mammalian pregnane X receptor system: A role of pectin in pollutant uptake. PloS One 8 (11), e79428. doi: 10.1371/journal.pone.0079428

 Bartolini, M., and Grau, R. (2019). Assessing Different Ways of Bacillus subtilis Spreading over Abiotic Surfaces. Bio Protoc. 9 (22), e3425. doi: 10.21769/BioProtoc.3425

 Belimov, A. A., Hontzeas, N., Safronova, V. I., Demchinskaya, S. V., Piluzza, G., Bullitta, S., et al. (2005). Cadmium-tolerant plant growth-promoting bacteria associated with the roots of Indian mustard (Brassica juncea L. Czern.). Soil Biol. Biochem. 37 (2), 241–250. doi: 10.1016/j.soilbio.2004.07.033

 Bric, J. M., Bostock, R. M., and Silverstone, S. E. (1991). Rapid in situ assay for indoleacetic acid production by bacteria immobilized on a nitrocellulose membrane. Appl. Environ. Microbiol. 57 (2), 535–538. doi: 10.1128/aem.57.2.535-538.1991

 Carper, D. L., Appidi, M. R., Mudbhari, S., Shrestha, H. K., Hettich, R. L., and Abraham, P. E. (2022). The promises, challenges, and opportunities of omics for studying the plant holobiont. Microorganisms 10, 2013. doi: 10.3390/microorganisms10102013

 Chain, P. S. G., Denef, V. J., Konstantinidis, K. T., Vergez, L. M., Agulló, L., Reyes, V. L., et al. (2006). Burkholderia xenovorans LB400 harbors a multi-replicon, 9.73-Mbp genome shaped for versatility. Proc. Natl. Acad. Sci. 103 (42), 15280–15287. doi: 10.1073/pnas.0606924103

 Chaparro, J. M., Badri, D. V., Bakker, M. G., Sugiyama, A., Manter, D. K., and Vivanco, J. M. (2013). Root exudation of phytochemicals in Arabidopsis follows specific patterns that are developmentally programmed and correlate with soil microbial functions. PloS One 8 (2), e55731. doi: 10.1371/journal.pone.0055731

 Cherif, H., Marasco, R., Rolli, E., Ferjani, R., Fusi, M., Soussi, A., et al. (2015). Oasis desert farming selects environment-specific date palm root endophytic communities and cultivable bacteria that promote resistance to drought. Environ. Microbiol. Rep. 7 (4), 668–678. doi: 10.1111/1758-2229.12304

 Colin, R., Ni, B., Laganenka, L., and Sourjik, V. (2021). Multiple functions of flagellar motility and chemotaxis in bacterial physiology. FEMS Microbiol. Rev. 45 (6), fuab038. doi: 10.1093/femsre/fuab038

 Correa-García, S., Pande, P., Séguin, A., St-Arnaud, M., and Yergeau, E. (2018). Rhizoremediation of petroleum hydrocarbons: a model system for plant microbiome manipulation. Microb. Biotechnol. 11 (5), 819–832. doi: 10.1111/1751-7915.13303

 Del Valle, I., Webster, T. M., Cheng, H.-Y., Thies, J. E., Kessler, A., Miller, M. K., et al. (2020). Soil organic matter attenuates the efficacy of flavonoid-based plant-microbe communication. Sci. Adv. 6, eaax8254. doi: 10.1126/sciadv.aax8254

 de Zélicourt, A., Synek, L., Saad, M. M., Alzubaidy, H., Jalal, R., Xie, Y., et al. (2018). Ethylene induced plant stress tolerance by Enterobacter sp. SA187 is mediated by 2-keto-4-methylthiobutyric acid production. PloS Genet. 14 (3), e1007273. doi: 10.1371/journal.pgen.1007273

 Dhungana, I., Kantar, M. B., and Nguyen, N. H. (2023). Root exudate composition from different plant species influences the growth of rhizosphere bacteria. Rhizosphere 25, 100645. doi: 10.1016/j.rhisph.2022.100645

 Di Guardo, A., Terzaghi, E., Raspa, G., Borin, S., Mapelli, F., Chouaia, B., et al. (2017). Differentiating current and past PCB and PCDD/F sources: The role of a large contaminated soil site in an industrialized city area. Environ. pollut. 223, 367–375. doi: 10.1016/j.envpol.2017.01.033

 Erb, M., and Kliebenstein, D. J. (2020). Plant secondary metabolites as defenses, regulators, and primary metabolites: the blurred functional trichotomy. Plant Physiol. 184, 39–52. doi: 10.1104/pp.20.00433

 Feng, H., Fu, R., Hou, X., Lv, Y., Zhang, N., Liu, Y., et al. (2021). Chemotaxis of beneficial rhizobacteria to root exudates: the first step towards root–microbe rhizosphere interactions. Int. J. Mol. Sci. 22, 6655. doi: 10.3390/ijms22136655

 Franchi, E., Agazzi, G., Rolli, E., Borin, S., Marasco, R., Chiaberge, S., et al. (2016). Exploiting hydrocarbon-degrading indigenous bacteria for bioremediation and phytoremediation of a multicontaminated soil. Chem. Eng. Technol. 39 (9), 1676–1684. doi: 10.1002/ceat.201500573

 Franchi, E., Rolli, E., Marasco, R., Agazzi, G., Borin, S., Cosmina, P., et al. (2017). Phytoremediation of a multi contaminated soil: mercury and arsenic phytoextraction assisted by mobilizing agent and plant growth promoting bacteria. J. Soils. Sediments. 17, 1224–1236. doi: 10.1007/s11368-015-1346-5

 Ghitti, E., Rolli, E., Crotti, E., and Borin, S. (2022). Flavonoids are intra- and inter-kingdom modulator signals. Microorganisms 10, 2479. doi: 10.3390/microorganisms10122479

 Hartmann, M., and Six, J. (2023). Soil structure and microbiome functions in agroecosystems. Nat. Rev. Earth Environ. 4 (1), 4–18. doi: 10.1038/s43017-022-00366-w

 Hartwig, U. A., Joseph, C. M., and Phillips, D. A. (1991). Flavonoids released naturally from alfalfa seeds enhance growth rate of Rhizobium meliloti. Plant Physiol. 95, 797–803. doi: 10.1104/pp.95.3.797

 Hassani, M. A., Durán, P., and Hacquard, S. (2018). Microbial interactions within the plant holobiont. Microbiome 6, 58. doi: 10.1186/s40168-018-0445-0

 He, D., Singh, S. K., Peng, L., Kaushal, R., Vílchez, J. I., Shao, C., et al. (2022). Flavonoid-attracted Aeromonas sp. from the Arabidopsis root microbiome enhances plant dehydration resistance. ISME. J. 16 (11), 2622–2632. doi: 10.1038/s41396-022-01288-7

 Hirose, J., Fujihara, H., Watanabe, T., Kimura, N., Suenaga, H., Futagami, T., et al. (2019). Biphenyl/PCB degrading bph genes of ten bacterial strains isolated from biphenyl-contaminated soil in Kitakyushu, Japan: comparative and dynamic features as integrative conjugative elements (ICEs). Genes (Basel). 10, 404. doi: 10.3390/genes10050404

 Huang, A. C., Jiang, T., Liu, Y.-X., Bai, Y.-C., Reed, J., Qu, B., et al. (2019). A specialized metabolic network selectively modulates Arabidopsis root microbiota. Sci. (1979). 364, eaau6389. doi: 10.1126/science.aau6389

 Jha, P., Panwar, J., and Jha, P. N. (2015). Secondary plant metabolites and root exudates: guiding tools for polychlorinated biphenyl biodegradation. Int. J. Environ. Sci. Technol. 12, 789–802. doi: 10.1007/s13762-014-0515-1

 Jiménez-Vázquez, K. R., García-Cárdenas, E., Barrera-Ortiz, S., Ortiz-Castro, R., Ruiz-Herrera, L. F., Ramos-Acosta, B. P., et al. (2020). The plant beneficial rhizobacterium Achromobacter sp. 5B1 influences root development through auxin signaling and redistribution. Plant J. 103, 1639–1654. doi: 10.1111/tpj.14853

 Jin, Y., Zhu, H., Luo, S., Yang, W., Zhang, L., Li, S., et al. (2019). Role of maize root exudates in promotion of colonization of Bacillus velezensis strain S3-1 in rhizosphere soil and root tissue. Curr. Microbiol. 76, 855–862. doi: 10.1007/s00284-019-01699-4

 Kafle, A., Timilsina, A., Gautam, A., Adhikari, K., Bhattarai, A., and Aryal, N. (2022). Phytoremediation: Mechanisms, plant selection and enhancement by natural and synthetic agents. Environ. Adv. 8, 100203. doi: 10.1016/j.envadv.2022.100203

 Kang, Y., Liu, J., Yang, L., Li, N., Wang, Y., Ao, T., et al (2022). Foliar application of flavonoids (rutin) regulates phytoremediation efficiency of Amaranthus hypochondriacus L. by altering the permeability of cell membranes and immobilizing excess Cd in the cell wall. J Hazard Mater 425, 127875. doi: 10.1016/j.jhazmat.2021.127875

 Kearns, D. B. (2010). A field guide to bacterial swarming motility. Nat. Rev. Microbiol. 8, 634–644. doi: 10.1038/nrmicro2405

 Khashij, S., Karimi, B., and Makhdoumi, P. (2018). Phytoremediation with Festuca arundinacea: A mini review. J. Health Rep. Technol. 4 (2), e86625. doi: 10.5812/ijhls.86625

 Knights, H. E., Jorrin, B., Haskett, T. L., and Poole, P. S. (2021). Deciphering bacterial mechanisms of root colonization. Environ. Microbiol. Rep. 13 (4), 428–444. doi: 10.1111/1758-2229.12934

 Koprivova, A., and Kopriva, S. (2022). Plant secondary metabolites altering root microbiome composition and function. Curr. Op. Plant Biol. 67, 102227. doi: 10.1016/j.pbi.2022.102227

 Korenblum, E., Dong, Y., Szymanski, J., Panda, S., Jozwiak, A., Massalha, H., et al. (2020). Rhizosphere microbiome mediates systemic root metabolite exudation by root-to-root signaling. Proc. Natl. Acad. Sci. 117 (7), 3874–3883. doi: 10.1073/pnas.1912130117

 Kudjordjie, E. N., Sapkota, R., and Nicolaisen, M. (2021). Arabidopsis assemble distinct root-associated microbiomes through the synthesis of an array of defense metabolites. PloS One 16 (10), e0259171. doi: 10.1371/journal.pone.0259171

 Le, T. T., Nguyen, K.-H., Jeon, J.-R., Francis, A. J., and Chang, Y.-S. (2015). Nano/bio treatment of polychlorinated biphenyls with evaluation of comparative toxicity. J. Hazard. Mater. 287, 335–341. doi: 10.1016/j.jhazmat.2015.02.001

 Leigh, M. B., Fletcher, J. S., Fu, X., and Schmitz, F. J. (2002). Root turnover: an important source of microbial substrates in rhizosphere remediation of recalcitrant contaminants. Environ. Sci. Technol. 36 (7), 1579–1583. doi: 10.1021/es015702i

 Leoni, F., Hazrati, H., Fomsgaard, I. S., Moonen, A.-C., and Kudsk, P. (2021). Determination of the effect of co-cultivation on the production and root exudation of flavonoids in four legume species using LC–MS/MS analysis. J. Agric. Food Chem. 69, 9208–9219. doi: 10.1021/acs.jafc.1c02821

 Levy, A., Salas Gonzalez, I., Mittelviefhaus, M., Clingenpeel, S., Herrera Paredes, S., Miao, J., et al. (2018). Genomic features of bacterial adaptation to plants. Nat. Genet. 50 (1), 138–150. doi: 10.1038/s41588-017-0012-9

 Liang, Y., Meggo, R., Hu, D., Schnoor, J. L., and Mattes, T. E. (2014). Enhanced polychlorinated biphenyl removal in a switchgrass rhizosphere by bioaugmentation with Burkholderia xenovorans LB400. Ecol. Eng. 71, 215–222. doi: 10.1016/j.ecoleng.2014.07.046

 Lugtenberg, B., and Kamilova, F. (2009). Plant-growth-promoting rhizobacteria. Annu. Rev. Microbiol. 63, 541–556. doi: 10.1146/annurev.micro.62.081307.162918

 Luo, C., Hu, B., Wang, S., Wang, Y., Zhao, Z., Wang, Y., et al. (2020). Distribution and Chiral Signatures of Polychlorinated Biphenyls (PCBs) in Soils and Vegetables around an e-Waste Recycling Site. J. Agric. Food Chem. 68, 10542–10549. doi: 10.1021/acs.jafc.0c00479

 Manner, S., and Fallarero, A. (2018). Screening of natural product derivatives identifies two structurally related flavonoids as potent quorum sensing inhibitors against gram-negative bacteria. Int. J. Mol. Sci. 19, 1346. doi: 10.3390/ijms19051346

 Mapelli, F., Vergani, L., Terzaghi, E., Zecchin, S., Raspa, G., Marasco, R., et al. (2022). Pollution and edaphic factors shape bacterial community structure and functionality in historically contaminated soils. Microbiol. Res. 263, 127144. doi: 10.1016/j.micres.2022.127144

 Marasco, R., Rolli, E., Ettoumi, B., Vigani, G., Mapelli, F., Borin, S., et al. (2012). A drought resistance-promoting microbiome is selected by root system under desert farming. PloS One 7 (10), e48479. doi: 10.1371/journal.pone.0048479

 Marasco, R., Rolli, E., Vigani, G., Borin, S., Sorlini, C., Ouzari, H., et al. (2013). Are drought-resistance promoting bacteria cross-compatible with different plant models? Plant Signal Behav. 8 (10), e26741. doi: 10.4161/psb.26741

 Massoni, J., Bortfeld-Miller, M., Widmer, A., and Vorholt, J. (2021). Capacity of soil bacteria to reach the phyllosphere and convergence of floral communities despite soil microbiota variation. PNAS 118 (41), e2100150118. doi: 10.1073/pnas.2100150118

 McLaughlin, S., Zhalnina, K., Kosina, S., Northen, T. R., and Sasse, J. (2023). The core metabolome and root exudation dynamics of three phylogenetically distinct plant species. Nat. Commun. 14, 1649. doi: 10.1038/s41467-023-37164-x

 Musilova, L., Ridl, J., Polivkova, M., Macek, T., and Uhlik, O. (2016). Effects of secondary plant metabolites on microbial populations: Changes in community structure and metabolic activity in contaminated environments. Int. J. Mol. Sci. 17, 1205. doi: 10.3390/ijms17081205

 Nakayama, T., Takahashi, S., and Waki, T. (2019). Formation of flavonoid metabolons: functional significance of protein-protein interactions and impact on flavonoid chemodiversity. Front. Plant Sci. 10. doi: 10.3389/fpls.2019.00821

 Narasimhan, K., Basheer, C., Bajic, V. B., and Swarup, S. (2003). Enhancement of plant-microbe interactions using a rhizosphere metabolomics-driven approach and its application in the removal of polychlorinated biphenyls. Plant Physiol. 132, 146–153. doi: 10.1104/pp.102.016295

 Navarro-Pérez, M. L., Fernández-Calderón, M. C., and Vadillo-Rodríguez, V. (2022). Decomposition of growth curves into growth rate and acceleration: a novel procedure to monitor bacterial growth and the time-dependent effect of antimicrobials. Appl. Environ. Microbiol. 88 (3), e01849–e01821. doi: 10.1128/aem.01849-21

 Nouwen, N., Gargani, D., and Giraud, E. (2019). The Modification of the Flavonoid Naringenin by Bradyrhizobium sp. Strain ORS285 Changes the nod Genes Inducer Function to a Growth Stimulator. Mol. Plant-Microbe Interact. 32 (11), 1517–1525. doi: 10.1094/MPMI-05-19-0133-R

 Okutani, F., Hamamoto, S., Aoki, Y., Nakayasu, M., Nihei, N., Nishimura, T., et al. (2020). Rhizosphere modelling reveals spatiotemporal distribution of daidzein shaping soybean rhizosphere bacterial community. Plant Cell Environ. 43, 1036–1046. doi: 10.1111/pce.13708

 Pal, G., Saxena, S., Kumar, K., Verma, A., Sahu, P. K., Pandey, A., et al. (2022). Endophytic Burkholderia: Multifunctional roles in plant growth promotion and stress tolerance. Microbiol. Res. 265, 127201. doi: 10.1016/j.micres.2022.127201

 Pang, Z., Chen, J., Wang, T., Gao, C., Li, Z., Guo, L., et al. (2021). Linking plant secondary metabolites and plant microbiomes: A review. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.621276

 Payne, R. B., Ghosh, U., May, H. D., Marshall, C. W., and Sowers, K. R. (2017). Mesocosm studies on the efficacy of bioamended activated carbon for treating PCB-impacted sediment. Environ. Sci. Technol. 51, 10691–10699. doi: 10.1021/acs.est.7b01935

 Pham, T. T. M., Pino Rodriguez, N. J., Hijri, M., and Sylvestre, M. (2015). Optimizing polychlorinated biphenyl degradation by flavonoid-induced cells of the rhizobacterium Rhodococcus erythropolis U23A. PloS One 10 (5), e0126033. doi: 10.1371/journal.pone.0126033

 Pillai, B. V. S., and Swarup, S. (2002). Elucidation of the flavonoid catabolism pathway in Pseudomonas putida PML2 by comparative metabolic profiling. Appl. Environ. Microbiol. 68 (1), 143–151. doi: 10.1128/AEM.68.1.143-151.2002

 Pino, N. J., Muñera, L. M., and Peñuela, G. A. (2016). Root exudates and plant secondary metabolites of different plants enhance polychlorinated biphenyl degradation by rhizobacteria. Bioremediat. J. 20 (2), 108–116. doi: 10.1080/10889868.2015.1124065

 Ponce, B. L., Latorre, V. K., González, M., and Seeger, M. (2011). Antioxidant compounds improved PCB-degradation by Burkholderia xenovorans strain LB400. Enzyme Microb. Technol. 49, 509–516. doi: 10.1016/j.enzmictec.2011.04.021

 Poupin, M. J., Ledger, T., Roselló−Móra, R., and González, B. (2023). The Arabidopsis holobiont: a (re)source of insights to understand the amazing world of plant–microbe interactions. Environ. Microbiol. 18, 9. doi: 10.1186/s40793-023-00466-0

 Rao, J. R., and Cooper, J. E. (1995). Soybean nodulating rhizobia modify nod gene inducers daidzein and genistein to yield aromatic products that can influence gene-inducing activity. Mol. Plant-Microbe Interact. 8 (6), 855–862. doi: 10.1094/MPMI-8-0855

 Reyes-Darias, J., García, V., Rico-Jiménez, M., Corral-Lugo, A., and Krell, T. (2016). Identification and characterization of bacterial chemoreceptors using quantitative capillary and gradient plate chemotaxis assays. Bio Protoc. 6 (8), e1789. doi: 10.21769/BioProtoc.1789

 Rolfe, S. A., Griffiths, J., and Ton, J. (2019). Crying out for help with root exudates: adaptive mechanisms by which stressed plants assemble health-promoting soil microbiomes. Curr. Opin. Microbiol. 49, 73–82. doi: 10.1016/j.mib.2019.10.003

 Rolli, E., de Zélicourt, A., Alzubaidy, H., Karampelias, M., Parween, S., Rayapuram, N., et al. (2022). The Lys-motif receptor LYK4 mediates Enterobacter sp. SA187 triggered salt tolerance in Arabidopsis thaliana. Environ. Microbiol. 24 (1), 223–239. doi: 10.1111/1462-2920.15839

 Rolli, E., Marasco, R., Vigani, G., Ettoumi, B., Mapelli, F., Deangelis, M. L., et al. (2015). Improved plant resistance to drought is promoted by the root-associated microbiome as a water stress-dependent trait. Environ. Microbiol. 17 (2), 316–331. doi: 10.1111/1462-2920.12439

 Rolli, E., Vergani, L., Ghitti, E., Patania, G., Mapelli, F., and Borin, S. (2021). ‘Cry-for-help’ in contaminated soil: a dialogue among plants and soil microbiome to survive in hostile conditions. Environ. Microbiol. 23 (10), 5690–5703. doi: 10.1111/1462-2920.15647

 Ryu, C.-M., Farag, M. A., Hu, C.-H., Reddy, M. S., Wei, H.-X., Paré, P. W., et al. (2003). Bacterial volatiles promote growth in Arabidopsis. Proc. Natl. Acad. Sci. 100 (8), 4927–4932. doi: 10.1073/pnas.0730845100

 Santoyo, G., Urtis-Flores, C. A., Loeza-Lara, P. D., Orozco-Mosqueda, Ma. d. C., and Glick, B. R. (2021). Rhizosphere colonization determinants by plant growth-promoting rhizobacteria (PGPR). Biol. (Basel). 10, 475. doi: 10.3390/biology10060475

 Schlechter, R., and Remus-Emsermann, M. (2019). Delivering “Chromatic bacteria” Fluorescent protein tags to proteobacteria using conjugation. Bio Protoc. 9 (07), e3199. doi: 10.21769/BioProtoc.3199

 Schütz, V., Frindte, K., Cui, J., Zhang, P., Hacquard, S., Schulze-Lefert, P., et al. (2021). Differential impact of plant secondary metabolites on the soil microbiota. Front. Microbiol. 12. doi: 10.3389/fmicb.2021.666010

 Shaw, L. J., Morris, P., and Hooker, J. E. (2006). Perception and modification of plant flavonoid signals by rhizosphere microorganisms. Environ. Microbiol. 8 (11), 1867–1880. doi: 10.1111/j.1462-2920.2006.01141.x

 Shi, H., Yang, J., Li, Q., PinChu, C., Song, Z., Yang, H., et al. (2023). Diversity and correlation analysis of different root exudates on the regulation of microbial structure and function in soil planted with Panax notoginseng. Front. Microbiol. 14. doi: 10.3389/fmicb.2023.1282689

 Simhadri, J. J., Loffredo, C. A., Trnovec, T., Murinova, L. P., Nunlee-Bland, G., Koppe, J. G., et al. (2020). Biomarkers of metabolic disorders and neurobehavioral diseases in a PCB- exposed population: What we learned and the implications for future research. Environ. Res. 191, 110211. doi: 10.1016/j.envres.2020.110211

 Simmer, R. A., and Schnoor, J. L. (2022). Phytoremediation, bioaugmentation, and the plant microbiome. Environ. Sci. Technol. 56, 16602–16610. doi: 10.1021/acs.est.2c05970

 Singer, A. C., Crowley, D. E., and Thompson, I. P. (2003). Secondary plant metabolites in phytoremediation and biotransformation. Trends Biotechnol. 21 (3), 123–130. doi: 10.1016/S0167-7799(02)00041-0

 Singer, A. C., Thompson, I. P., and Bailey, M. J. (2004). The tritrophic trinity: A source of pollutant-degrading enzymes and its implications for phytoremediation. Curr. Opin. Microbiol. 7, 1–6. doi: 10.1016/j.mib.2004.04.007

 Singh, N., Chattopadhyay, D., and Gupta, S. K. (2023). Updating the impact of drought on root exudation: A strigolactones perspective. J. Plant Growth Regul. 42, 5131–5151. doi: 10.1007/s00344-023-11061-5

 Soo, V. W. C., and Wood, T. K. (2013). Antitoxin mqsA represses curli formation through the master biofilm regulator csgD. Sci. Rep. 3 (1), 3186. doi: 10.1038/srep03186

 Subramanian, S., Schnoor, J. L., and Van Aken, B. (2017). Effects of polychlorinated biphenyls (PCBs) and their hydroxylated metabolites (OH-PCBs) on Arabidopsis thaliana. Environ. Sci. Technol. 51 (12), 7263–7270. doi: 10.1021/acs.est.7b01538

 Tadra-Sfeir, M. Z., Faoro, H., Camilios-Neto, D., Brusamarello-Santos, L., Balsanelli, E., Weiss, V., et al. (2015). Genome wide transcriptional profiling of Herbaspirillum seropedicae SmR1 grown in the presence of naringenin. Front. Microbiol. 6. doi: 10.3389/fmicb.2015.00491

 Tehrani, R., Lyv, M. M., and Van Aken, B. (2014). Transformation of hydroxylated derivatives of 2,5-dichlorobiphenyl and 2,4,6-trichlorobiphenyl by Burkholderia xenovorans LB400. Environ. Sci. pollut. Res. 21, 6346–6353. doi: 10.1007/s11356-013-1629-6

 Terzaghi, E., Vergani, L., Mapelli, F., Borin, S., Raspa, G., Zanardini, E., et al. (2019). Rhizoremediation of weathered PCBs in a heavily contaminated agricultural soil: Results of a biostimulation trial in semi field conditions. Science of The Total Environment 686, 484–496. doi: 10.1016/j.scitotenv.2019.05.458

 Toussaint, J.-P., Pham, T. T. M., Barriault, D., and Sylvestre, M. (2012). Plant exudates promote PCB degradation by a rhodococcal rhizobacteria. Appl. Microbiol. Biotechnol. 95, 1589–1603. doi: 10.1007/s00253-011-3824-z

 Trivedi, P., Leach, J. E., Tringe, S. G., Sa, T., and Singh, B. K. (2020). Plant–microbiome interactions: from community assembly to plant health. Nat. Rev. Microbiol. 18, 607–621. doi: 10.1038/s41579-020-0412-1

 Uhlik, O., Musilova, L., Ridl, J., Hroudova, M., Vlcek, C., Koubek, J., et al. (2013). Plant secondary metabolite-induced shifts in bacterial community structure and degradative ability in contaminated soil. Appl. Microbiol. Biotechnol. 97, 9245–9256. doi: 10.1007/s00253-012-4627-6

 Uhlik, O., Suman, J., Papik, J., Strejcek, M., and Macek, T. (2022). “Plant–microbe Interactions in Environmental Restoration”, in Good Microbes in Medicine, Food Production, Biotechnology, Bioremediation, and Agriculture (Hoboken, NJ: Wiley), 348–357. doi: 10.1002/9781119762621.ch28

 Van Aken, B., Correa, P. A., and Schnoor, J. L. (2010). Phytoremediation of Polychlorinated Biphenyls: New Trends and Promises. Environ. Sci. Technol. 44 (8), 2767–2776. doi: 10.1021/es902514d

 Vergani, L., Mapelli, F., Marasco, R., Crotti, E., Fusi, M., Di Guardo, A., et al. (2017a). Bacteria associated to plants naturally selected in a historical PCB polluted soil show potential to sustain natural attenuation. Front. Microbiol. 8. doi: 10.3389/fmicb.2017.01385

 Vergani, L., Mapelli, F., Zanardini, E., Terzaghi, E., Di Guardo, A., Morosini, C., et al. (2017b). Phyto-rhizoremediation of polychlorinated biphenyl contaminated soils: An outlook on plant-microbe beneficial interactions. Sci. Total. Environ. 575, 1395–1406. doi: 10.1016/j.scitotenv.2016.09.218

 Vigani, G., Rolli, E., Marasco, R., Dell’Orto, M., Michoud, G., Soussi, A., et al. (2019). Root bacterial endophytes confer drought resistance and enhance expression and activity of a vacuolar H+-pumping pyrophosphatase in pepper plants. Environ. Microbiol. 21 (9), 3212–3228. doi: 10.1111/1462-2920.14272

 Vives-Peris, V., de Ollas, C., Gómez-Cadenas, A., and Pérez-Clemente, R. M. (2020). Root exudates: from plant to rhizosphere and beyond. Plant Cell Rep. 39, 3–17. doi: 10.1007/s00299-019-02447-5

 Voges, M. J. E. E. E., Bai, Y., Schulze-Lefert, P., and Sattely, E. S. (2019). Plant-derived coumarins shape the composition of an Arabidopsis synthetic root microbiome. Proc. Natl. Acad. Sci. U.S.A. 116 (25), 12558–12565. doi: 10.1073/pnas.1820691116

 Wang, L., Chen, M., Lam, P.-Y., Dini-Andreote, F., Dai, L., and Wei, Z. (2022). Multifaceted roles of flavonoids mediating plant-microbe interactions. Microbiome 10, 233. doi: 10.1186/s40168-022-01420-x

 Wang, S., Duan, S., George, T. S., Feng, G., and Zhang, L. (2023). Adding plant metabolites improve plant phosphorus uptake by altering the rhizosphere bacterial community structure. Plant. Soil. doi: 10.1007/s11104-023-06409-5

 Wang, N., Wang, L., Zhu, K., Hou, S., Chen, L., Mi, D., et al. (2019). Plant Root Exudates Are Involved in Bacillus cereus AR156 Mediated Biocontrol Against Ralstonia solanacearum. Front. Microbiol. 10. doi: 10.3389/fmicb.2019.00098

 Wang, Z., Xu, G., Ma, P., Lin, Y., Yang, X., and Cao, C. (2017). Isolation and Characterization of a Phosphorus-Solubilizing Bacterium from Rhizosphere Soils and Its Colonization of Chinese Cabbage (Brassica campestris ssp. chinensis). Front. Microbiol. 8. doi: 10.3389/fmicb.2017.01270

 Wilhelm, R. C., DeRito, C. M., Shapleigh, J. P., Madsen, E. L., and Buckley, D. H. (2021). Phenolic acid-degrading Paraburkholderia prime decomposition in forest soil. ISME. Commun. 1, 4. doi: 10.1038/s43705-021-00009-z

 Yan, D., Tajima, H., Cline, L. C., Fong, R. Y., Ottaviani, J. I., Shapiro, H., et al. (2022). Genetic modification of flavone biosynthesis in rice enhances biofilm formation of soil diazotrophic bacteria and biological nitrogen fixation. Plant Biotechnol. J. 20, 2135–2148. doi: 10.1111/pbi.13894

 Yonekura-Sakakibara, N., Higashi, Y., and Nakabayashi, R.. (2019). The origin and evolution of plant flavonoid metabolism. Front. Plant Sci. 10, 943. doi: 10.3389/fpls.2019.00943

 Yoshioka, S., and Newell, P. D. (2016). Disruption of de novo purine biosynthesis in Pseudomonas fluorescens Pf0-1 leads to reduced biofilm formation and a reduction in cell size of surface-attached but not planktonic cells. PeerJ 4, e1543. doi: 10.7717/peerj.1543

 Yu, P., He, X., Baer, M., Beirinckx, S., Tian, T., Moya, Y. A. T., et al. (2021). Plant flavones enrich rhizosphere Oxalobacteraceae to improve maize performance under nitrogen deprivation. Nat. Plants 7 (4), 481–499. doi: 10.1038/s41477-021-00897-y

 Yu, X., Yan, X., Zhang, M., Zhang, L., and He, Y. (2020). Flavonoids repress the production of antifungal 2,4-DAPG but potentially facilitate root colonization of the rhizobacterium Pseudomonas fluorescens. Environ. Microbiol. 22, 5073–5089. doi: 10.1111/1462-2920.15052

 Zboralski, A., and Filion, M. (2020). Genetic factors involved in rhizosphere colonization by phytobeneficial Pseudomonas spp. Comput. Struct. Biotechnol. J. 18, 3539–3554. doi: 10.1016/j.csbj.2020.11.025

 Zhalnina, K., Louie, K. B., Hao, Z., Mansoori, N., da Rocha, U. N., Shi, S., et al. (2018). Dynamic root exudate chemistry and microbial substrate preferences drive patterns in rhizosphere microbial community assembly. Nat. Microbiol. 3 (4), 470–480. doi: 10.1038/s41564-018-0129-3

 Zubrova, A., Michalikova, K., Semerad, J., Strejcek, M., Cajthaml, T., Suman, J., et al. (2021). Biphenyl 2,3-dioxygenase in Pseudomonas alcaliphila JAB1 is both induced by phenolics and monoterpenes and involved in their transformation. Front. Microbiol. 12. doi: 10.3389/fmicb.2021.657311

 Zwetsloot, M. J., Kessler, A., and Bauerle, T. L. (2018). Phenolic root exudate and tissue compounds vary widely among temperate forest tree species and have contrasting effects on soil microbial respiration. New Phytol. 218, 530–541. doi: 10.1111/nph.15041




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Ghitti, Rolli, Vergani and Borin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-15-1325048-g005.jpg
<

ttg

tt4
c
T
@
SRS
QQ
(bb

oy Y2
%,
el ) o)
«\0\@ 2
© pt - g %
%. s,
% N
N © 1L S ® N - O %oc
(Bw) yybram ysai4 2,
o |
S
| % @V

T
~ O <+ O N — O %,

®
(Bw) yybrem ysei

mScarlet

i)
o
=
o
<
2
=
2]

auojady

8l

99d Wrloz





OEBPS/Images/fpls.2024.1325048_cover.jpg
& frontiers | Frontiers in Plant Science

Flavonoids influence key rhizocompetence

traits for early root colonization and PCB

degradation potential of Paraburkholderia
xenovorans LB400





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Flavonoids influence key rhizocompetence traits for early root colonization and PCB degradation potential of Paraburkholderia xenovorans LB400

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussions

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Bacterial strain, plant material, culture media, and chemicals

          



          		

            2.2 Growth on flavonoids as unique carbon sources

          



          		

            2.3 Bacterial growth assay in presence of flavonoids

          



          		

            2.4 Analysis of bacterial swimming motility

          



          		

            2.5 Chemotaxis assay

          



          		

            2.6 In vitro biofilm formation assay

          



          		

            2.7 Induction of the biphenyl degradative pathway in the LB400 strain by flavonoids

          



          		

            2.8 Total RNA extraction and RT-qPCR on the bphA gene

          



          		

            2.9 In vitro growth assay on Arabidopsis root exudates collected under PCB-18 stress

          



          		

            2.10 Generation of a fluorescence-labelled LB400 strain

          



          		

            2.11 In vitro Arabidopsis root colonization assay in the presence of PCB-18

          



          		

            2.12 Fluorescence microscopy analysis

          



          		

            2.13 In vitro early root colonization assay

          



          		

            2.14 In vitro screening and quantification of strain LB400 plant growth promotion activities

          

            		

              2.14.1 Indoleacetic acid production

            



            		

              2.14.2 Production of volatile organic compounds that promote plant growth

            



            		

              2.14.3 Production of siderophores

            



            		

              2.14.4 Formation of extracellular polymeric substances

            



            		

              2.14.5 Measurement of ACC deaminase activity

            



          



          



          		

            2.15 Statistical analyses

          



        



        



        		

          3 Results

        

          		

            3.1 Plant flavonoids promote Paraburkholderia xenovorans LB400 growth

          



          		

            3.2 Flavonoids affect Paraburkholderia xenovorans LB400 chemoattraction, motility, and biofilm formation ability

          



          		

            3.3 Flavonoids induce the expression of the bphA gene in strain LB400

          



          		

            3.4 Differential exudation of flavonoids affects P. xenovorans LB400 early adhesion on Arabidopsis roots

          



          		

            3.5 Flavonoid exudation affected the bacterial ability to exploit plant root exudates as nutrient sources

          



          		

            3.6 P. xenovorans LB400-mediated plant growth promotion under control conditions and under PCB stress showed a similar pattern in Arabidopsis lines affected in flavonoid biosynthesis

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-15-1325048-g004.jpg
CFUs/mg of root

Eabacb
— T

ool L AL 11T
WT tt4 tt8 tg

CFUs/mL

10°
108
107
108
105
104
108
102
10!
100

bc pc b b

N\

\

T
IR R

No stress
® 70uM PCB-18






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-15-1325048-g002.jpg
-l

*

X

¥ . Q
* - S 3
* %

' -

—
t—HH
P

i

*
-l e
_

10 100

1

Concentration (uM)

T
o o o o
< o o

o
b

2.5
2.0
5
0

&
(%) JuaWaIoul dAlje|a4 OjeY BuluwIMG °
m [a]

cowDO\>UDO

Chemoattraction Neutrality

0.0~

10 100

1

0
Concentration (uM)

T

%, 99go/°ao

0.40






OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-15-1325048-g003.jpg
100uM flavone

X¥

XX¥

100uM quercetin

100uM biphenyl —

Xxx

1 T T T T T 1
6o 1 2 3 4 5 6 7 8 9 10

Relative gene expression (224Ct)





OEBPS/Images/fpls-15-1325048-g001.jpg
A Compound

Flavone 10uM
Flavone 20uM
Flavone 50uM 0.30—
Flavone 100uM war ok —
Flavanone 10uM —
Flavanone 20uM
Flavanone 50uM
Flavanone 100puM
Naringin 10uM
Naringin 20puM
Naringin 50uM .! N
Naringin 100uM
Naringenin 10uM
Naringenin 20uM
Naringenin 50uM
Naringenin 100uM
Quercetin 10uM I 0.00
Quercetin 20uM i Flavone Flavanone Naringin  Naringenin Quercetin
Quercetin 50uM
Quercetin 70uM

Time (h) 0 24/48

Solvent
10uM
20pm
50pM
70pM
100uM

log2 fold change
(compound vs. control)
) IR

ODg stationary phase
o
o
1






