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Abstract

:

The relationship between plants and associated soil microorganisms plays a major role in ecosystem functioning. Plant–bacteria interactions involve complex signaling pathways regulating various processes required by bacteria to adapt to their fluctuating environment. The establishment and maintenance of these interactions rely on the ability of the bacteria to sense and respond to biotic and abiotic environmental signals. In this context, MarR family transcriptional regulators can use these signals for transcriptional regulation, which is required to establish adapted responses. MarR-like transcriptional regulators are essential for the regulation of the specialized functions involved in plant–bacteria interactions in response to a wide range of molecules associated with the plant host. The conversion of environmental signals into changes in bacterial physiology and behavior allows the bacteria to colonize the plant and ensure a successful interaction. This review focuses on the mechanisms of plant-signal perception by MarR-like regulators, namely how they (i) allow bacteria to cope with the rhizosphere and plant endosphere, (ii) regulate the beneficial functions of Plant-Growth-Promoting Bacteria and (iii) regulate the virulence of phytopathogenic bacteria.
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1. Introduction


Soil microorganisms need to adapt to numerous changes in their environment. These modifications can be associated with abiotic stresses such as an elevation in temperature [1,2], metallic contamination [3] or pollution by chemicals [4]. Soil microorganisms also have to deal with the plant rhizosphere, which is a selective ecological environment [5,6]. Therefore, they may benefit from the plant endosphere, which provides more nutrients and protection compared to the soil or rhizosphere [7]. Plant-associated microbial communities, either endophytic or associative, could play differential roles that are relevant to plant development [8]. The microorganisms encountered by plants form commensal, beneficial or pathogenic associations [9]. Among the beneficial microorganisms, Plant-Growth-Promoting Bacteria (PGPB) enhance plant growth via multiple mechanisms, including phytohormone production, biological nitrogen (N2) fixation (BNF) and the activation of plant defense [10]. Endophytic microorganisms also include phytopathogenic bacteria that significantly impair plant development [11]. To ensure a successful interaction, all of these plant-interacting bacteria must constantly adapt to the complex and changing phytosphere environment [12].



Bacteria developed a diverse set of complex regulatory pathways, resulting in a wide phenotypic plasticity. These pathways involve environmental sensor proteins that allow bacteria to detect and respond appropriately to fluctuating environments. Among them, transcriptional regulators differentially bind specific DNA sequences in the promoters of targeted genes depending on the signal perception. In this way, they promote (as activators) or prevent (as repressors) transcription initiation by RNA polymerase. MarR (Multiple antibiotic resistance Regulator) family regulators—whose first marR gene was identified in Escherichia coli [13,14]—generally act as repressors. However, some of them can also be activators, or sometimes exhibit both transcriptional repression/activation activities [15,16,17]. Their activities are regulated by phenolic (e.g., salicylate), metabolic (e.g., p-coumarate), metallic (copper, zinc) or toxic compounds (antibiotics, oxidants), which generally leads to the release of the transcriptional repression of the targeted genes. Most MarR family regulators form dimers containing a winged Helix-Turn-Helix (wHTH) DNA-binding domain flanked by helices involved in protein dimerization (Figure 1). MarR-encoding genes are widespread in over 12,000 bacteria and archaea genomes [18], and the average number of MarR proteins encoded by bacterial genomes varies greatly from one species to another [19,20]. Although MarR family transcriptional regulators were originally described as regulators of very small regulons, recent studies highlighted that some of them can also function as global regulators, differentially regulating the genes involved in various signaling pathways [21,22]. Despite their ubiquitous presence in bacteria, marR sequences remain poorly conserved between lineages, with generally less than 30% identity. This variability would explain the ability of some MarR-like regulators to interact with a variety of target promoters and to respond to a diverse range of physiological and environmental signals [20].



MarR-like regulators usually bind 16–20 bp palindromic sequences [23,24]. Some MarR-like regulators can also bind longer sequences, such as the Dickeya dadantii MarR regulator MfbR, which binds a single site of 48 bp, suggesting that another protein interacts with MfbR to modulate the target gene expression [25,26]. The DNA-binding activities of MarR-like regulators are regulated by a mechanism of allosteric modulation, induced by a specific ligand or small signal molecules [27,28]. The nature of the perceived signal (phenolic compounds, oxidants, etc.) depends on the ecological niche colonized by the bacteria, which allows for the activation of specific signaling pathways.



Several MarR-like regulators have been identified in plant-interacting bacteria, and they regulate numerous biological processes, including oxidative stress resistance and phytopathogens virulence. The present study provides an overview of the MarR family regulators in these bacteria and whether their interactions with plants are beneficial or pathogenic. The mechanisms regulating the activity of the MarR-like transcriptional regulators [24,29,30] will be described in the first part of the manuscript, and then the physiological roles of these regulators in rhizospheric and endophytic bacteria will be detailed.




2. Regulation of MarR-like Transcriptional Regulators’ Activity by Environmental Chemical Signals


The activity of MarR family regulators depends on their ability to detect the chemical signals associated with the bacterial environment and use them for the transcriptional regulation of gene expression (Figure 2). MarR family regulators can be classified depending on the nature of the perceived signal. Some of these regulators can bind toxic compounds like antibiotics [29] or plant-derived metabolic compounds such as phenolic molecules (salicylate, protocatechuate, p-coumarate) [18,30,31,32]. Other MarR-like ligands are nitrogenous derivatives: for instance, the MarR/UrtR transcriptional regulators are able to bind urate and constitute a specific subfamily [27,33]. Moreover, some MarR-like regulators can bind metals such as copper, zinc and iron [34,35]. Finally, they may also contain one or two redox-sensitive cysteine residues that allow for the perception of oxidizing molecules [36,37,38]. In this context, the identification of the perceived signal by MarR-like regulators is a crucial step for their characterization, but this has succeeded in few cases [27]. As an example, salicylate was first considered as the main ligand of the E. coli MarR regulator, but crystallographic studies showed that copper, released during environmental stress or after an antibiotic treatment, is the natural inducer of E. coli MarR [39].



Crystallographic studies on MarR-like proteins bound to inducing ligands and coupled with amino-specific mutagenesis allow for the characterization of several ligand-binding mechanisms [25]. Generally, ligand molecules bind to MarR-like regulators at the interface between dimerization and DNA-binding domains, such as the protocatechuate ligand of the Streptomyces coelicolor PcaV regulator [18]. Interestingly, the number of ligand molecules binding to MarR-like regulators varies from one regulator to another. For example, E. coli and Methanobacterium thermotrophicum MarR-like regulators are able to bind one or two molecules of salicylate per monomer [23,40], while the Staphylococcus epidermidis TcaR regulator binds up to eight salicylate molecules per dimer [41]. MarR-like regulators could bind their ligand through different mechanisms. The superposition of MarR-ligand structures based on eleven known regulators (seven binding salicylates, two protocatechuates, one ethidium bromide and one 4-hydroxyphenylacetate) reveals a conserved binding pocket in the regulators [25]. Ligand binding usually induces a conformational switch, reducing the DNA-binding affinity of the wHTH motif. For example, p-coumaroyl-CoA binding to the Rhodococcus jostii CouR regulator involves a phenolic moiety inserted in a deep hydrophobic binding pocket [42]. In contrast, the Pseudomonas aeruginosa MexR is inactivated via an allosteric interaction mediated by the binding of an antirepressor peptide named ArmR [43]. However, this reduction in affinity is not always due to an allosteric modification. For instance, it has been proposed that ligand binding involves a Coenzyme-A ligand extension that occludes the CouR DNA-binding domain and impairs its binding to targeted gene promoters without inducing a conformational change [42].



Among the molecules capable of modifying protein structures, Reactive Oxygen Species (ROS) and Reactive Electrophile Species (RES) play an important role in the regulation of the bacterial signaling pathways. ROS are radical or nonradical oxidizing molecules generated during aerobic cell respiration as side products of the electron transport chain or tricarboxylic acid cycle (TCA) [44]. Proteins containing a thiol group exposed to solvents are particularly sensitive to redox-active compounds and oxidants such as hydrogen peroxide (H2O2). Depending on the environmental context, H2O2 exposure may lead to the formation of a reactive sulfenic acid (-SOH), which can further interact with another thiol group (-SH) to form a disulfide bond (S-S). Sulfenic acid could also be stabilized by interacting with other chemical groups (alkylation, nitrosylation) or with low-molecular-weight thiol compounds such as glutathione (GSH) [45]. Many MarR-like regulator activities are regulated in response to oxidants. The mechanism of organic hydroperoxides sensing used by the MarR/OhrR subfamily is based on one or two redox-active cysteine residues, which are involved in the formation of disulfide bonds or sulfenic acid derivatives [36]. Regulators belonging to the MarR/OhrR subfamily have been divided into two groups based on the number of redox-active cysteine residues. The Bacillus subtilis OhrR regulator (OhrRBs) is a 1-Cys type, with a single redox-active cysteine residue at the N-terminus of the protein. In contrast, the Xanthomonas campestris OhrR regulator (OhrRXc) is a 2-Cys type that harbors two redox-sensitive cysteine residues [37,46]. In the presence of organic hydroperoxides, the oxidation of a cysteine residue leads to the formation of sulfenic acid, but this sulfenylation is not sufficient to induce the derepression of the targeted gene [36] (Figure 2B). As a result, the oxidation of the unique OhrRBs C15 cysteine residue in sulfenic acid allows for the formation of a mixed disulfide bond with a low-molecular-weight intracellular thiol named bacillithiol (BSH, an antioxidant similar to GSH), leading to the dissociation of the regulator–DNA interaction [37]. In X. campestris, the oxidation of the OhrRXc C22 residue promotes the formation of an intermolecular disulfide bond with the C127 residue of the opposite monomer [47]. This intermolecular bond induces a major conformational change and brings cysteine residues in close proximity, resulting in the rotation of the OhrRXc wHTH motif, which fails to bind the DNA [36]. Meanwhile, the MarR/DUF24 subfamily includes RES sensor proteins. RES derivate from amino acids, lipids or products of carbohydrate oxidation, including quinones, diamides or aldehydes [36,48]. These molecules may also react with a redox-active cysteine residue and induce an interaction with low-molecular-weight compounds. For example, the B. subtilis YodB regulator, which controls the nitric oxide reduction and catechol degradation pathways, harbors three cysteine residues: C6, C101 and C108. In the presence of diamide, YodB can form an intermolecular disulfide bond between C6 and C101′, leading to a major conformational change in the DNA recognition helices [49]. However, the oxidized quinone provokes the S-alkylation of the C6 and C6′ cysteine residues and a reduction in the distance between the two wHTH motif helices. Then, the quinone-mediated S-alkylation significantly reduces the binding of YodB to its targeted sequences [50]. Finally, a few MarR family transcriptional regulators have been described to respond to metals through perception by redox-active cysteine residues. For example, Cu2+, released in cytosol upon membrane stress, leads to E. coli MarR and Burkholderia thailandensis BifR oxidation [39,51]. Indeed, Cu2+ oxidizes the C80 cysteine of E. coli MarR, leading to the formation of a disulfide bond between two dimers. The resulting tetrameric complex sequesters the DNA recognition helices, impairing DNA binding. The oxidation of BifR similarly leads to a tetramer formation but, instead of reducing the DNA binding, the oxidizing conditions result in the additional repression of the targeted genes by BifR, which functions as a “super-repressor” [39]. In conclusion, the regulation of the MarR transcriptional activity could involve both the interaction of MarR-like regulators with plant-deriving chemical compounds or redox-associated structural modifications of the regulator.




3. MarR Family Transcriptional Regulator’s Roles in Plant-Interacting Bacteria


Plant-interacting bacteria cope with numerous environmental changes, leading to the activation of various signaling pathways to adapt the cell responses. In this context, a wide variety of MarR-like regulators identified in plant-interacting bacteria are required for bacteria to adapt to their environments (Figure 3; Table 1). These regulators are involved in the regulation of several biological processes like (i) aromatic compound degradation in the plant rhizosphere, (ii) exopolysaccharide biosynthesis required for bacterial infection, (iii) oxidative stress resistance and (iv) phytopathogen virulence [52].



3.1. Regulation of Aromatic Compounds Degradation in Plant Rhizosphere


Hydroxycinnamates (HCA) are plant secondary phenolic metabolites derived from the phenylpropanoid pathway. Among them, p-coumarate and ferulate are also found as Coenzyme-A thioesters (p-coumaroyl-CoA and feruloyl-CoA), which can be used for flavonoids or lignin biosynthesis [82]. A root exudation may provoke the release of HCA that are potentially toxic for bacteria in the rhizosphere [83]. However, some species are able to detoxify these compounds by enzymatic pathways and use them as a carbon source [31,84]. There are two type of HCA degradation pathways: the β-oxidative and the non-β-oxidative pathway, and both produce protocatechuate that is then degraded via the β-ketoadipate pathway before it enters the TCA cycle [85] (Figure 4). The two first β-oxidative and non-β-oxidative degradation steps are regulated by MarR family transcriptional regulators in numerous bacteria (Table 1). The p-coumarate β-oxidative degradation has been described in the rhizosphere bacteria Rhodopseudomonas palustris. Here, the first degradation steps involve the Coenzyme-A ligase encoded by couB, which produces p-coumaroyl-CoA, and an enoyl-CoA hydratase encoded by couA. The expression of these two genes is repressed by CouR, a MarR-like transcriptional regulator, whose activity is inhibited upon the binding of p-coumaroyl-CoA [31,86]. Consequently, CouR inactivation in an R. palustris mutant leads to a rapid bacterial adaptation during transfer into a medium containing p-coumarate as the sole carbon source [86]. In Agrobacterium fabrum C58, the β-oxidative degradation of HCA involves genes of the SpG8-1b cluster, whose expression is repressed by the MarR-like regulator named HcaR [87]. These genes are expressed thanks to the release of the HcaR DNA-binding activity in the presence of p-coumaroyl-CoA and feruloyl-CoA. HCA degradation confers a competitive advantage to A. fabrum C58. As a result of the hcaR deletion, a mutant constitutively expressing the genes of the SpG8-1b cluster shows a higher growth rate than the wild-type (WT) strain in the tomato plant rhizosphere [55]. In addition to its saprophytic lifestyle, A. fabrum C58 can induce tumor formation through its Ti plasmid carrying virulence genes [88]. Interestingly, an hcaR mutation leads to a decreased virulence and causes the A. fabrum C58 mutant to have a competitive disadvantage compared with the WT in the tumor. These observations suggest that HcaR activity could be required for the induction of virulence genes. Then, the regulation exerted by HcaR in response to HCA may promote the A. fabrum C58 transition between its saprophytic and phytopathogenic lifestyles [55].



In Acinetobacter sp. ADP1, HCA degradation is non-β-oxidative and depends on the activity of a regulator also named HcaR, which represses this pathway in the absence of Coenzyme-A esters [53,89]. The repressor inactivation promotes bacterial growth on a medium containing HCA as the only carbon source [53]. The first two steps of the non-β-oxidative pathway of ferulate degradation lead to the formation of vanillin, which is not produced during the β-oxidative pathway. Both steps are catalyzed by a Coenzyme-A ligase and an enoyl-CoA hydratase/lyase, which are regulated by an HcaR regulator [53,89]. Vanillin is then converted to vanillate, which is ultimately degraded to protocatechuate before entering the β-ketoadipate pathway and supplying Acinetobacter metabolism. Pseudomonas fluorescens BF13 also carries out non-β-oxidative HCA degradation, regulated by FerR, a MarR-like regulator capable of both activation and repression [72]. Another study also reported the role of the DesR regulator of Sphingobium sp. SYK-6 in vanillate and syringate root metabolite catabolism through the protocatechuate pathway. In this case, vanillate is O-demethylated in one step by LigM and syringate in three steps by DesA, LigM and DesB enzymes. Araki and colleagues showed that DesR is a transcriptional repressor that negatively regulates the expression of ligM, desA and desR. In the presence of vanillate or syringate, DesR DNA binding is inhibited, allowing Sphingobium to catabolize the root metabolites [32]. Finally, the MarR family regulator YetL of B. subtilis controls the expression of yetM by encoding a flavonoid-responsive monooxygenase enzyme. The binding of flavonoids to YetL results in the activation of the yetM expression, which then allows B. subtilis to counteract the flavonoid toxicity and to adapt to the rhizosphere environment [64]. To summarize, the MarR-like regulators involved in plant-specific compound degradation allow bacteria to adapt to the rhizosphere. It would be interesting to study the regulation of such degradation in other rhizospheric bacterial species with phytobeneficial properties. For example, this regulation could be important in Azospirillum, which is exposed to HCA derivatives (such as N-p-coumaroylputrescine) in the rice rhizosphere [90].



In addition to plant secondary metabolites, diverse MarR-like regulators are involved in the catabolism of auxin, a plant hormone that plays critical roles in plant developmental processes including cell division and root development. Auxin degradation operons are present across the bacterial tree of life in two distinct types on the basis of gene content and metabolic products: iac-like and iad-like types. An analysis of the structures of the MarR-like regulators encoded by representatives of each auxin degradation operon type established that each has distinct IAA-binding pockets. A comparison of the representative IAA-degrading strains from the diverse bacterial genera colonizing Arabidopsis thaliana showed that only strains containing iad-like auxin-degrading operons interfere with auxin signaling in a complex synthetic community context. In these communities, IadR MarR-like regulators allow the bacteria to rapidly catabolize auxins [91]. This suggests that iad-like operon-containing bacterial strains play a key ecological role in modulating auxins in the plant microbiome.




3.2. Regulation of Exopolysaccharide Biosynthesis


Exopolysaccharides (EPS) are biological polymers secreted by microorganisms to cope with harsh environmental conditions. EPS are the main components of the extracellular biofilm matrix protecting microbial cells from adverse factors such as temperature, pH, antibiotics and host immune defenses [92]. EPS are essential for the establishment and maintenance of the symbiotic interaction between Sinorhizobium meliloti and Medicago sp. [93,94,95]. This symbiosis involves a rhizobial host root infection at the level of an infection pocket, formed by root hair curling. The bacteria invade the plant via an infection thread (IT), resulting in the formation of a nodule in which the bacteria differentiate into nitrogen-fixing bacteroides [96].



S. meliloti produces two categories of Exopolysaccharides: succinoglycans (EPS-I) and galactoglucans (EPS-II). Enzymes of the EPS-I biosynthesis pathway are encoded by the genes of the exo cluster, whereas EPS-II biosynthesis involves the genes of the exp cluster, which are physically distinct from exo genes. EPS-I are particularly important for IT formation and nodule infection [97,98], while EPS-II are produced extensively in the soil. It is known that EPS-II are required for biofilm formation and root colonization by S. meliloti [94]. The regulation of EPS biosynthesis involves a complex transcriptional regulation network [78]. The transcriptional regulation of EPS-II biosynthesis genes is differentially controlled by the MarR-like regulator WggR (formerly ExpG) and two other regulators, PhoB and MucR. Interestingly, depending on both the protein–protein interaction and phosphate concentration, WggR is able to positively or negatively affect EPS-II biosynthesis [77], contrasting with the previously described MarR-like activities. Given its high complexity, the transcriptional regulation of exp genes is divided into three distinct regulatory levels. For ease of use, only wgaA, wgdA and wgeA regulation is described. (i) The first level involves PhoB and WggR, which act cooperatively to activate wgaA, wgdA and wgeA genes under phosphate starvation [77,99,100]. (ii) The second level involves MucR, repressing the expression of wgaA, wgdA and wgeA independently of the phosphate concentration [77]. Interestingly, in an mucR mutant, WggR harbors a repression activity, suggesting that WggR requires PhoB to act as a positive regulator of EPS-II biosynthesis genes. (iii) The third level of regulation involves the Sin quorum sensing of S. meliloti and the LuxR-like regulator ExpR [101]. In the absence of MucR and above a certain population density, ExpR activates the expression of EPS-II biosynthesis genes. When MucR is present, its repression is counteracted by ExpR only in the presence of WggR [101,102]. In this context, WggR acts as a general mediator by cooperating with either PhoB or ExpR to counteract the repressive activity of MucR. The MarR-like regulator WggR of S. meliloti is thus an essential determinant of symbiosis by promoting the early stages of infection and root colonization [102] (Figure 5).




3.3. Regulation of Resistance to Oxidative Stress


The bacteria interacting with plants can be exposed to oxidizing molecules such as ROS or RES [36,103]. Plants are able to generate RES such as quinones or diamides and organic hydroperoxides such as lipid hydroperoxides (LOOH) in response to bacteria [104]. Moreover, RES can also be produced by other soil microorganisms such as fungi [105,106]. In plant-interacting bacteria, there are different enzymatic mechanisms for ROS and RES detoxification, including peroxidases, catalases, alkyl hydroperoxide reductases and azoreductases [61]. RES detoxification pathways particularly involve azoreductases (AzoR1, AzoR2), nitroreductases (YodC) or thiol-dependent dioxygenases (CatE, MhqA) catalyzing the reduction or cleavage of electrophilic compounds [49]. B. subtilis, used for its phytostimulant properties [107], can be exposed to numerous oxidative stresses, in particular to RES [65]. Regulators of the MarR/DUF24 subfamily YodB, CatR and MhqR of B. subtilis regulate detoxification pathways, allowing for RES resistance. Thus, mutants unable to express YodB, CatR or MhqR showed increased resistance to RES compounds, catechol and 2-methylhydroquinone (2-MHQ) [58,60,65]. azoR1 is regulated by YodB, while catE is regulated by both YodB and CatR [58,65]. MhqR also regulates the expression of genes encoding dioxygenases such as MhqA and the azoreductase AzoR2 [60]. In addition, these regulators appear to be important for B. subtilis development in the rhizosphere of some plants. For example, allicin and diallyl-polysulfanes (DAS4) produced by garlic plants (Allium sativum) are electrophilic antimicrobial compounds that induce the expression of genes controlled by YodB and CatR. Indeed, the presence of allicin or DAS4 causes the S-thioallylation of the redox-active cysteines of these repressors, which leads to their inactivation and alleviates the repression [108].



Organic hydroperoxides like LOOH are found in plant tissues [109]. The oxidative burst produced by the plant in response to infection by a pathogen leads to a sharp increase in these LOOH, which are toxic for microorganisms [110,111]. The OhrR repressor involved in the resistance to these organic hydroperoxides was first identified in X. campestris pv. phaseoli. The OhrR repressor is inactivated in the presence of LOOH such as peroxidized linoleic acid or alkyl peroxides such as tert-butyl (tBOOH), allowing for the expression of the ohr gene encoding an alkyl peroxide reductase [46,81,112]. Ohr-type alkyl peroxide reductases are known to be specialized in the detoxification of long oxidized lipid chains like LOOH. Indeed, the Ohr enzyme of X. campestris pv. phaseoli is essential for the survival of bacteria during oxidative stress induced by the addition of tBOOH or LOOH [81,112]. These enzymes are found in many plant-interacting bacteria and may be important for bacterial adaptation during host colonization. For example, the ohrA gene encoding alkyl peroxide reductase and regulated by an OhrR homolog is found in plant pathogenic bacteria of the genus Agrobacterium and in Dickeya zeae [54]. In the latter case, OhrR also regulates crucial functions for D. zeae phytopathogenicity [69]. This shows the importance of organic oxidant detoxification mechanisms in plant-associated bacteria.



ROS production by plants was also intensively described in beneficial plant–bacteria interactions. The O2•−, H2O2 and NO production by the host plant is particularly well documented in Rhizobium–legume symbioses, in which these ROS/RNS are produced at different stages of nodule development [113,114]. Then, symbiotic bacteria need to tightly regulate redox homeostasis in order to properly colonize the plant host. For example, S. meliloti exerts an efficient antioxidant defense consisting of several H2O2 and O2•− detoxification enzymes [115,116]. S. meliloti also contains an Ohr-type alkyl peroxide reductase, whose expression is regulated in the presence of organic peroxides by OhrR, a homolog to the previously described OhrR of X. campestris [76]. The S. meliloti Ohr enzyme is essential for its survival in the presence of alkyl peroxides (tBOOH) and is expressed during symbiosis, particularly in nitrogen-fixing bacteroides. This suggests a production of organic hydroperoxides by the plant and the role of Ohr proteins in their detoxification [76]. However, plants inoculated with an ohr mutant of S. meliloti do not present nodulation defects, while a single deletion of the ohr gene in Azorhizobium caulinodans leads to a significant decrease in nitrogen fixation [57], suggesting the existence of functional equivalents of the Ohr enzyme in S. meliloti such as the AhpC alkyl hydroperoxidase [76,117]. Nevertheless, a recent study suggests that triple deletion in paralogous ohrR genes in S. meliloti affects symbiotic performance during interactions with Medicago sativa [118].




3.4. Regulation of Virulence of Phytopathogenic Bacteria


Infection by phytopathogens requires several strategies so the bacteria can survive, multiply and colonize the plant. Among them, the production of virulence factors is essential for the success of infection by phytopathogenic bacteria. The genes encoding these factors are involved in particular in motility, adhesion, tissue degradation and resistance to plant defenses. Moreover, plant infection is a complex process that requires the temporal regulation of the virulence genes’ expression and is often linked to numerous transcriptional regulators.



Virulence regulators are well described in Dickeya dadantii, a phytopathogenic bacterium responsible for soft rot in a wide range of plants, including the model plant Arabidopsis thaliana [119]. This disease is caused by the degradation of plant tissue by pectinolytic enzymes such as cellulase and pectate lyases [69,120]. Fine tuning the expression of the genes involved in the biosynthesis and secretion of these enzymes is required for the pathogenicity of D. dadantii [68]. This regulation involves PecS, a global regulator of D. dadantii virulence belonging to the MarR family. On the one hand, PecS regulates the expression of the genes involved in host colonization such as the synthesis and secretion of pectinolytic enzymes (pel, celZ, out genes), flagellar-mediated motility (fli genes) and quorum sensing (vfm genes). On the other hand, PecS also plays a role in tolerance to plant defenses by regulating the expression of an alkyl hydroperoxide reductase (ahpC gene) or indigoidin (indA gene, by encoding a blue pigment with antioxidant properties) [68,121,122]. PecS also regulates the synthesis of harpin (hrpN gene), which is a virulence factor able to induce the hypersensitive response (HR) in plants [123]. Virulence genes are repressed by PecS during the so-called asymptomatic phase, when D. dadantii colonizes plant tissue and the intercellular apoplast. The repression of virulence genes by PecS during the asymptomatic phase is required to avoid the early activation of plant defenses, which would lead to the elimination of the pathogen during the first infection phase [68]. Infection is followed by a symptomatic phase, during which virulence factors are expressed and where bacteria initiate tissue maceration. The signal perceived by PecS in planta that allows for this derepression has not yet been identified. However, in vitro studies showed that the PecS homolog of Agrobacterium fabrum is able to bind urate, which attenuates its binding to promoter regions [56]. Urate is produced by the action of xanthine oxidases involved in purine metabolism in many plants and has antioxidant properties [124]. Thus, it was proposed that urate can be used as a signal perceived in planta to regulate the expression of bacterial virulence genes via PecS [56]. Furthermore, the PecS homolog of Pectobacterium atrosepticum—also responsible for soft rot disease—responds in vitro to H2O2 and organic hydroperoxide treatments [71]. However, it should be noted that PecS is not the only regulator of D. dadantii virulence. In total, ten regulators are mainly involved, including the MarR-like regulators PecS, MfbR and SlyA [125]. On the one hand, MfbR induces the expression of genes encoding plant-wall-degradation enzymes (PCWDE). This activation is associated, directly or indirectly, with the alkalinization of the pH encountered at advanced stages of the infection [26]. On the other hand, SlyA is able to activate the expression of numerous virulence genes, in particular those encoding the production of pectate lyases or the formation of a type-III secretion system, which are useful for D. dadantii [16,17]. In D. zeae, SlyA also regulates numerous virulence factors, such as zeamines and phytotoxins, and is crucial to regulate plant colonization. Zhou and colleagues showed that slyA inactivation leads to a significant decrease in phytopathogenicity on rice and in biofilm formation, and an increase in swimming and swarming motility [70]. Interestingly, a study showed that slyA expression is positively regulated by the D. zeae OhrR regulator, suggesting a link between redox signaling pathways and the MarR family regulators involved in plant–bacteria interactions [69].



MarR-like regulators are also found in many other phytopathogenic bacteria (Table 1). For example, Burkholderia is a phenotypically diverse bacterial genus containing species that can cause many plant and animal diseases [126]. Interestingly, bacteria of the genus Burkholderia have a large number of MarR-like regulators that may participate in this diversity [66]. Among all the annotated MarR-like regulators in Burkholderia, four have been characterized: MftR, BifR, OhrR and TctR [15,51,67]. They play a role in host colonization by controlling the expression of virulence genes (MftR), biofilm production (BifR), resistance to organic hydroperoxides (OhrR) and the formation of a type-VI secretion system (TctR). In addition, the PrhN regulator of Ralstonia solanacearum also regulates the virulence of the bacteria, notably by activating the expression of an hrp gene cluster involved in the formation of a type-III secretion system used to inject virulence factors into host cells. The deletion of the prhN gene in R. solanacearum significantly reduces its virulence and the colonization of tomato plants [73]. Other MarR-like regulators are general regulators of virulence as described in D. dadantii; an example is the HpaR regulator of X. campestris pv. campestris [79]. A mutant deleted in the hpaR gene was nonvirulent and unable to trigger a hypersensitive response in the plant [80]. Furthermore, the HpaR regulator directly regulates the expression of the vgrR-vgrS operon encoding a two-component system involved in iron homeostasis, which is important for bacterial virulence [79,127].





4. Conclusions


Bacterial adaptation to their dynamically changing environments involves key regulatory mechanisms relying on transcriptional regulation. Whether bacteria are pathogenic, commensal or symbiotic, they must sense their host, evade the immune system, compete with other microbes for space and nutrients and adapt their physiology to the newly established niche. It is worth noting that the regulatory mechanisms underlying adaptation are shared between symbiotic and pathogenic bacteria. Here, we particularly reviewed the numerous roles of MarR family transcriptional regulators during plant–bacteria interactions, but MarR-like regulators are also crucial for clinically relevant pathogens. It is possible that regulators shared by pathogenic bacteria and symbiotic bacteria have played roles in the evolution of a pathogenic to a symbiotic interaction, or of a saprophytic to pathogenic interaction, as they can regulate gene expression in ways that are beneficial for both lifestyles. On the other hand, the presence of MarR family regulators in various bacterial species is not necessarily correlated with the conservation of perceived signals or regulated genes when they are known. Finally, MarR-like regulators are also crucial for adaptation to extreme abiotic conditions, such as those encountered by archaea.



Although this study highlights the importance of transcriptional regulation in bacterial adaptation, it should be pointed out that bacteria remain complex organisms. Because of this fundamental complexity, studies on transcriptional regulation mechanisms in plant–bacteria interactions alone are not sufficient to fully explain their functioning. Nevertheless, they provide the essential background for the development of integrative analyses. Then, by obtaining benefits from multidisciplinary approaches and from the mass implementation of bioinformatics and an OMICs analysis, challenging research in the field will provide new evidence concerning the evolution of the transcriptional regulatory circuits involved in bacterial adaptation to biotic and abiotic environments.







Author Contributions


F.N. wrote the manuscript. G.A., K.M. and P.F. provided critical feedback and helped shape the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by “Institut National de Recherche pour l’Agriculture, l’Alimentation et l’Environnement” (INRAE), the “Centre National de la Recherche Scientifique” (CNRS), “Université Côte d’Azur” (UCA) and the French Government (National Research Agency, ANR) through the “Investments for the Future” of the Labex Signalife (ANR–11–LABX–647–0028). F.N. was supported by a Ph.D. scholarship from the “Ministère de l’Enseignement Supérieur, de la Recherche et de l’Innovation” (MESRI).




Data Availability Statement


No new data were created or analyzed in this study. Data sharing is not applicable to this article.




Acknowledgments


We thank Florence Wisniewski-Dyé from “Laboratoire d’Ecologie Microbienne” (LEM), who participated in F.N.’s mentoring during the writing of this manuscript. All figures were created with Biorender.com.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Nottingham, A.T.; Bååth, E.; Reischke, S.; Salinas, N.; Meir, P. Adaptation of Soil Microbial Growth to Temperature: Using a Tropical Elevation Gradient to Predict Future Changes. Glob. Change Biol. 2019, 25, 827–838. [Google Scholar] [CrossRef]

	



Chase, A.B.; Weihe, C.; Martiny, J.B.H. Adaptive Differentiation and Rapid Evolution of a Soil Bacterium along a Climate Gradient. Proc. Natl. Acad. Sci. USA 2021, 118, e2101254118. [Google Scholar] [CrossRef]

	



Mathivanan, K.; Chandirika, J.U.; Vinothkanna, A.; Yin, H.; Liu, X.; Meng, D. Bacterial Adaptive Strategies to Cope with Metal Toxicity in the Contaminated Environment—A Review. Ecotoxicol. Environ. Saf. 2021, 226, 112863. [Google Scholar] [CrossRef] [PubMed]

	



Poursat, B.A.J.; van Spanning, R.J.M.; de Voogt, P.; Parsons, J.R. Implications of Microbial Adaptation for the Assessment of Environmental Persistence of Chemicals. Crit. Rev. Environ. Sci. Technol. 2019, 49, 2220–2255. [Google Scholar] [CrossRef]

	



Lopes, L.D.; Pereira e Silva, M.d.C.; Andreote, F.D. Bacterial Abilities and Adaptation Toward the Rhizosphere Colonization. Front. Microbiol. 2016, 7, 1341. [Google Scholar] [CrossRef]

	



Zhalnina, K.; Louie, K.B.; Hao, Z.; Mansoori, N.; da Rocha, U.N.; Shi, S.; Cho, H.; Karaoz, U.; Loqué, D.; Bowen, B.P.; et al. Dynamic Root Exudate Chemistry and Microbial Substrate Preferences Drive Patterns in Rhizosphere Microbial Community Assembly. Nat. Microbiol. 2018, 3, 470–480. [Google Scholar] [CrossRef]

	



Compant, S.; Cambon, M.C.; Vacher, C.; Mitter, B.; Samad, A.; Sessitsch, A. The Plant Endosphere World—Bacterial Life within Plants. Environ. Microbiol. 2021, 23, 1812–1829. [Google Scholar] [CrossRef] [PubMed]

	



Carvalho, T.L.G.; Balsemão-Pires, E.; Saraiva, R.M.; Ferreira, P.C.G.; Hemerly, A.S. Nitrogen Signalling in Plant Interactions with Associative and Endophytic Diazotrophic Bacteria. J. Exp. Bot. 2014, 65, 5631–5642. [Google Scholar] [CrossRef] [PubMed]

	



Santoyo, G. How Plants Recruit Their Microbiome? New Insights into Beneficial Interactions. J. Adv. Res. 2021, 40, 45–58. [Google Scholar] [CrossRef]

	



Jiao, X.; Takishita, Y.; Zhou, G.; Smith, D.L. Plant Associated Rhizobacteria for Biocontrol and Plant Growth Enhancement. Front. Plant Sci. 2021, 12, 634796. [Google Scholar] [CrossRef]

	



Kannan, V.R.; Bastas, K.K. Sustainable Approaches to Controlling Plant Pathogenic Bacteria; CRC Press: Boca Raton, FL, USA, 2015. [Google Scholar] [CrossRef]

	



Levy, A.; Salas Gonzalez, I.; Mittelviefhaus, M.; Clingenpeel, S.; Herrera Paredes, S.; Miao, J.; Wang, K.; Devescovi, G.; Stillman, K.; Monteiro, F.; et al. Genomic Features of Bacterial Adaptation to Plants. Nat. Genet. 2018, 50, 138–150. [Google Scholar] [CrossRef] [PubMed]

	



Ariza, R.R.; Cohen, S.P.; Bachhawat, N.; Levy, S.B.; Demple, B. Repressor Mutations in the MarRAB Operon That Activate Oxidative Stress Genes and Multiple Antibiotic Resistance in Escherichia Coli. J. Bacteriol. 1994, 176, 143–148. [Google Scholar] [CrossRef] [PubMed]

	



Okusu, H.; Ma, D.; Nikaido, H. AcrAB Efflux Pump Plays a Major Role in the Antibiotic Resistance Phenotype of Escherichia Coli Multiple-Antibiotic-Resistance (Mar) Mutants. J. Bacteriol. 1996, 178, 306–308. [Google Scholar] [CrossRef]

	



Gupta, A.; Wang, G.; Dassanayake, M.; Grove, A. Transcriptome Profiling of Burkholderia Thailandensis Reveals That MftR Is a Master Regulator. FASEB J. 2016, 30, 864.4. [Google Scholar] [CrossRef]

	



Haque, M.M.; Kabir, M.S.; Aini, L.Q.; Hirata, H.; Tsuyumu, S. SlyA, a MarR Family Transcriptional Regulator, Is Essential for Virulence in Dickeya Dadantii 3937. J. Bacteriol. 2009, 191, 5409–5418. [Google Scholar] [CrossRef]

	



Zou, L.; Zeng, Q.; Lin, H.; Gyaneshwar, P.; Chen, G.; Yang, C.-H. SlyA Regulates Type III Secretion System (T3SS) Genes in Parallel with the T3SS Master Regulator HrpL in Dickeya Dadantii 3937. Appl. Environ. Microbiol. 2012, 78, 2888–2895. [Google Scholar] [CrossRef] [PubMed]

	



Davis, J.R.; Brown, B.L.; Page, R.; Sello, J.K. Study of PcaV from Streptomyces Coelicolor Yields New Insights into Ligand-Responsive MarR Family Transcription Factors. Nucleic Acids Res. 2013, 41, 3888–3900. [Google Scholar] [CrossRef]

	



Grove, A. Regulation of Metabolic Pathways by MarR Family Transcription Factors. Comput. Struct. Biotechnol. J. 2017, 15, 366–371. [Google Scholar] [CrossRef]

	



Will, W.R.; Fang, F.C. The Evolution of MarR Family Transcription Factors as Counter-Silencers in Regulatory Networks. Curr. Opin. Microbiol. 2020, 55, 1–8. [Google Scholar] [CrossRef]

	



Navarre, W.W.; Halsey, T.A.; Walthers, D.; Frye, J.; McClelland, M.; Potter, J.L.; Kenney, L.J.; Gunn, J.S.; Fang, F.C.; Libby, S.J. Co-Regulation of Salmonella Enterica Genes Required for Virulence and Resistance to Antimicrobial Peptides by SlyA and PhoP/PhoQ. Mol. Microbiol. 2005, 56, 492–508. [Google Scholar] [CrossRef]

	



Clayton, A.L.; Enomoto, S.; Su, Y.; Dale, C. The Regulation of Antimicrobial Peptide Resistance in the Transition to Insect Symbiosis. Mol. Microbiol. 2017, 103, 958–972. [Google Scholar] [CrossRef]

	



Alekshun, M.N.; Levy, S.B.; Mealy, T.R.; Seaton, B.A.; Head, J.F. The Crystal Structure of MarR, a Regulator of Multiple Antibiotic Resistance, at 2.3A Resolution. Nat. Struct. Biol. 2001, 8, 710–714. [Google Scholar] [CrossRef] [PubMed]

	



Grove, A. MarR Family Transcription Factors. Current Biology 2013, 23, R142–R143. [Google Scholar] [CrossRef]

	



Deochand, D.K.; Grove, A. MarR Family Transcription Factors: Dynamic Variations on a Common Scaffold. Crit. Rev. Biochem. Mol. Biol. 2017, 52, 595–613. [Google Scholar] [CrossRef] [PubMed]

	



Reverchon, S.; Van Gijsegem, F.; Effantin, G.; Zghidi-Abouzid, O.; Nasser, W. Systematic Targeted Mutagenesis of the MarR/SlyA Family Members of Dickeya Dadantii 3937 Reveals a Role for MfbR in the Modulation of Virulence Gene Expression in Response to Acidic PH. Mol. Microbiol. 2010, 78, 1018–1037. [Google Scholar] [CrossRef] [PubMed]

	



Perera, I.C.; Grove, A. MarR Homologs with Urate-Binding Signature. Protein Sci. 2011, 20, 621–629. [Google Scholar] [CrossRef]

	



Baksh, K.A.; Zamble, D.B. Allosteric Control of Metal-Responsive Transcriptional Regulators in Bacteria. J. Biol. Chem. 2020, 295, 1673–1684. [Google Scholar] [CrossRef]

	



Kong, L.; Liu, J.; Zheng, X.; Deng, Z.; You, D. CtcS, a MarR Family Regulator, Regulates Chlortetracycline Biosynthesis. BMC Microbiol. 2019, 19, 279. [Google Scholar] [CrossRef]

	



Gao, Y.-R.; Li, D.-F.; Fleming, J.; Zhou, Y.-F.; Liu, Y.; Deng, J.-Y.; Zhou, L.; Zhou, J.; Zhu, G.-F.; Zhang, X.-E.; et al. Structural Analysis of the Regulatory Mechanism of MarR Protein Rv2887 in M. Tuberculosis. Sci. Rep. 2017, 7, 6471. [Google Scholar] [CrossRef]

	



Cogan, D.P.; Baraquet, C.; Harwood, C.S.; Nair, S.K. Structural Basis of Transcriptional Regulation by CouR, a Repressor of Coumarate Catabolism, in Rhodopseudomonas Palustris. J. Biol. Chem. 2018, 293, 11727–11735. [Google Scholar] [CrossRef]

	



Araki, T.; Umeda, S.; Kamimura, N.; Kasai, D.; Kumano, S.; Abe, T.; Kawazu, C.; Otsuka, Y.; Nakamura, M.; Katayama, Y.; et al. Regulation of Vanillate and Syringate Catabolism by a MarR-Type Transcriptional Regulator DesR in Sphingobium Sp. SYK-6. Sci. Rep. 2019, 9, 18036. [Google Scholar] [CrossRef] [PubMed]

	



Rho, S.; Jung, W.; Park, J.K.; Choi, M.H.; Kim, M.; Kim, J.; Byun, J.; Park, T.; Lee, B.I.; Wilkinson, S.P.; et al. The Structure of Deinococcus Radiodurans Transcriptional Regulator HucR Retold with the Urate Bound. Biochem. Biophys. Res. Commun. 2022, 615, 63–69. [Google Scholar] [CrossRef] [PubMed]

	



Reyes-Caballero, H.; Guerra, A.J.; Jacobsen, F.E.; Kazmierczak, K.M.; Cowart, D.; Koppolu, U.M.K.; Scott, R.A.; Winkler, M.E.; Giedroc, D.P. The Metalloregulatory Zinc Site in Streptococcus Pneumoniae AdcR, a Zinc-Activated MarR Family Repressor. J. Mol. Biol. 2010, 403, 197–216. [Google Scholar] [CrossRef]

	



Yin, Y.; Tong, Y.; Yang, H.; Feng, S. EpsRAc Is a Copper-Sensing MarR Family Transcriptional Repressor from Acidithiobacillus Caldus. Appl. Microbiol. Biotechnol. 2022, 106, 3679–3689. [Google Scholar] [CrossRef]

	



Hillion, M.; Antelmann, H. Thiol-Based Redox Switches in Prokaryotes. Biol. Chem. 2015, 396, 415–444. [Google Scholar] [CrossRef]

	



Chi, B.K.; Roberts, A.A.; Huyen, T.T.T.; Bäsell, K.; Becher, D.; Albrecht, D.; Hamilton, C.J.; Antelmann, H. S-Bacillithiolation Protects Conserved and Essential Proteins Against Hypochlorite Stress in Firmicutes Bacteria. Antioxid. Redox Signal. 2013, 18, 1273–1295. [Google Scholar] [CrossRef] [PubMed]

	



Si, M.; Chen, C.; Wei, Z.; Gong, Z.; Li, G.; Yao, S. CarR, a MarR-Family Regulator from Corynebacterium Glutamicum, Modulated Antibiotic and Aromatic Compound Resistance. Biochem. J. 2019, 476, 3141–3159. [Google Scholar] [CrossRef]

	



Hao, Z.; Lou, H.; Zhu, R.; Zhu, J.; Zhang, D.; Zhao, B.S.; Zeng, S.; Chen, X.; Chan, J.; He, C.; et al. The Multiple Antibiotic Resistance Regulator MarR Is a Copper Sensor in Escherichia Coli. Nat. Chem. Biol. 2014, 10, 21–28. [Google Scholar] [CrossRef]

	



Saridakis, V.; Shahinas, D.; Xu, X.; Christendat, D. Structural Insight on the Mechanism of Regulation of the MarR Family of Proteins: High-Resolution Crystal Structure of a Transcriptional Repressor from Methanobacterium Thermoautotrophicum. J. Mol. Biol. 2008, 377, 655–667. [Google Scholar] [CrossRef]

	



Chang, Y.-M.; Jeng, W.-Y.; Ko, T.-P.; Yeh, Y.-J.; Chen, C.K.-M.; Wang, A.H.-J. Structural Study of TcaR and Its Complexes with Multiple Antibiotics from Staphylococcus Epidermidis. Proc. Natl. Acad. Sci. USA 2010, 107, 8617–8622. [Google Scholar] [CrossRef]

	



Otani, H.; Stogios, P.J.; Xu, X.; Nocek, B.; Li, S.-N.; Savchenko, A.; Eltis, L.D. The Activity of CouR, a MarR Family Transcriptional Regulator, Is Modulated through a Novel Molecular Mechanism. Nucleic Acids Res. 2016, 44, 595–607. [Google Scholar] [CrossRef] [PubMed]

	



Wilke, M.S.; Heller, M.; Creagh, A.L.; Haynes, C.A.; McIntosh, L.P.; Poole, K.; Strynadka, N.C.J. The Crystal Structure of MexR from Pseudomonas Aeruginosa in Complex with Its Antirepressor ArmR. Proc. Natl. Acad. Sci. USA 2008, 105, 14832–14837. [Google Scholar] [CrossRef] [PubMed]

	



Martínez-Reyes, I.; Diebold, L.P.; Kong, H.; Schieber, M.; Huang, H.; Hensley, C.T.; Mehta, M.M.; Wang, T.; Santos, J.H.; Woychik, R.; et al. TCA Cycle and Mitochondrial Membrane Potential Are Necessary for Diverse Biological Functions. Mol. Cell 2016, 61, 199–209. [Google Scholar] [CrossRef] [PubMed]

	



Poole, L.B.; Nelson, K.J. Discovering Mechanisms of Signaling-Mediated Cysteine Oxidation. Curr. Opin. Chem. Biol. 2008, 12, 18–24. [Google Scholar] [CrossRef]

	



Sukchawalit, R.; Loprasert, S.; Atichartpongkul, S.; Mongkolsuk, S. Complex Regulation of the Organic Hydroperoxide Resistance Gene (Ohr) from Xanthomonas Involves OhrR, a Novel Organic Peroxide-Inducible Negative Regulator, and Posttranscriptional Modifications. J. Bacteriol. 2001, 183, 4405–4412. [Google Scholar] [CrossRef]

	



Panmanee, W.; Vattanaviboon, P.; Poole, L.B.; Mongkolsuk, S. Novel Organic Hydroperoxide-Sensing and Responding Mechanisms for OhrR, a Major Bacterial Sensor and Regulator of Organic Hydroperoxide Stress. J. Bacteriol. 2006, 188, 1389–1395. [Google Scholar] [CrossRef]

	



Marnett, L.J.; Riggins, J.N.; West, J.D. Endogenous Generation of Reactive Oxidants and Electrophiles and Their Reactions with DNA and Protein. J. Clin. Investig. 2003, 111, 583–593. [Google Scholar] [CrossRef]

	



Chi, B.K.; Albrecht, D.; Gronau, K.; Becher, D.; Hecker, M.; Antelmann, H. The Redox-Sensing Regulator YodB Senses Quinones and Diamide via a Thiol-Disulfide Switch in Bacillus Subtilis. Proteomics 2010, 10, 3155–3164. [Google Scholar] [CrossRef]

	



Lee, S.J.; Lee, I.-G.; Lee, K.-Y.; Kim, D.-G.; Eun, H.-J.; Yoon, H.-J.; Chae, S.; Song, S.-H.; Kang, S.-O.; Seo, M.-D.; et al. Two Distinct Mechanisms of Transcriptional Regulation by the Redox Sensor YodB. Proc. Natl. Acad. Sci. USA 2016, 113, E5202–E5211. [Google Scholar] [CrossRef]

	



Gupta, A.; Fuentes, S.M.; Grove, A. Redox-Sensitive MarR Homologue BifR from Burkholderia Thailandensis Regulates Biofilm Formation. Biochemistry 2017, 56, 2315–2327. [Google Scholar] [CrossRef]

	



Wilkinson, S.P.; Grove, A. Ligand-Responsive Transcriptional Regulation by Members of the MarR Family of Winged Helix Proteins. Curr. Issues Mol. Biol. 2006, 8, 51–62. [Google Scholar] [CrossRef]

	



Parke, D.; Ornston, L.N. Hydroxycinnamate (Hca) Catabolic Genes from Acinetobacter Sp Strain ADP1 Are Repressed by HcaR and Are Induced by Hydroxycinnamoyl-Coenzyme a Thioesters. Appl. Environ. Microbiol. 2003, 69, 5398–5409. [Google Scholar] [CrossRef]

	



Chuchue, T.; Tanboon, W.; Prapagdee, B.; Dubbs, J.M.; Vattanaviboon, P.; Mongkolsuk, S. OhrR and Ohr Are the Primary Sensor/Regulator and Protective Genes against Organic Hydroperoxide Stress in Agrobacterium Tumefaciens. J Bacteriol. 2006, 188, 842–851. [Google Scholar] [CrossRef] [PubMed]

	



Meyer, T.; Renoud, S.; Vigouroux, A.; Miomandre, A.; Gaillard, V.; Kerzaon, I.; Prigent-Combaret, C.; Comte, G.; Moréra, S.; Vial, L.; et al. Regulation of Hydroxycinnamic Acid Degradation Drives Agrobacterium Fabrum Lifestyles. Mol. Plant-Microbe Interact. 2018, 31, 814–822. [Google Scholar] [CrossRef]

	



Perera, I.C.; Grove, A. Urate Is a Ligand for the Transcriptional Regulator PecS. J. Mol. Biol. 2010, 402, 539–551. [Google Scholar] [CrossRef] [PubMed]

	



Si, Y.; Guo, D.; Deng, S.; Lu, X.; Zhu, J.; Rao, B.; Cao, Y.; Jiang, G.; Yu, D.; Zhong, Z.; et al. Ohr and OhrR Are Critical for Organic Peroxide Resistance and Symbiosis in Azorhizobium Caulinodans ORS571. Genes 2020, 11, 335. [Google Scholar] [CrossRef] [PubMed]

	



Chi, B.K.; Kobayashi, K.; Albrecht, D.; Hecker, M.; Antelmann, H. The Paralogous MarR/DUF24-Family Repressors YodB and CatR Control Expression of the Catechol Dioxygenase CatE in Bacillus Subtilis. J. Bacteriol. 2010, 192, 4571–4581. [Google Scholar] [CrossRef] [PubMed]

	



Palm, G.J.; Khanh Chi, B.; Waack, P.; Gronau, K.; Becher, D.; Albrecht, D.; Hinrichs, W.; Read, R.J.; Antelmann, H. Structural Insights into the Redox-Switch Mechanism of the MarR/DUF24-Type Regulator HypR. Nucleic Acids Res. 2012, 40, 4178–4192. [Google Scholar] [CrossRef] [PubMed]

	



Töwe, S.; Leelakriangsak, M.; Kobayashi, K.; Duy, N.V.; Hecker, M.; Zuber, P.; Antelmann, H. The MarR-Type Repressor MhqR (YkvE) Regulates Multiple Dioxygenases/Glyoxalases and an Azoreductase Which Confer Resistance to 2-Methylhydroquinone and Catechol in Bacillus Subtilis. Mol. Microbiol. 2007, 66, 40–54. [Google Scholar] [CrossRef]

	



Fuangthong, M.; Atichartpongkul, S.; Mongkolsuk, S.; Helmann, J.D. OhrR Is a Repressor of OhrA, a Key Organic Hydroperoxide Resistance Determinant in Bacillus Subtilis. J. Bacteriol. 2001, 183, 4134–4141. [Google Scholar] [CrossRef]

	



Lee, J.-W.; Soonsanga, S.; Helmann, J.D. A Complex Thiolate Switch Regulates the Bacillus Subtilis Organic Peroxide Sensor OhrR. Proc. Natl. Acad. Sci. USA 2007, 104, 8743–8748. [Google Scholar] [CrossRef] [PubMed]

	



Hirooka, K.; Danjo, Y.; Hanano, Y.; Kunikane, S.; Matsuoka, H.; Tojo, S.; Fujita, Y. Regulation of the Bacillus Subtilis Divergent YetL and YetM Genes by a Transcriptional Repressor, YetL, in Response to Flavonoids. J. Bacteriol. 2009, 191, 3685–3697. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.; Kim, J.; Choi, Z.; Hong, M. Structure-Based Molecular Characterization of the YetL Transcription Factor from Bacillus Subtilis. Biochem. Biophys. Res. Commun. 2022, 607, 146–151. [Google Scholar] [CrossRef]

	



Leelakriangsak, M.; Huyen, N.T.T.; Töwe, S.; Duy, N.V.; Becher, D.; Hecker, M.; Antelmann, H.; Zuber, P. Regulation of Quinone Detoxification by the Thiol Stress Sensing DUF24/MarR-like Repressor, YodB in Bacillus Subtilis. Mol. Microbiol. 2008, 67, 1108–1124. [Google Scholar] [CrossRef]

	



Gupta, A.; Pande, A.; Sabrin, A.; Thapa, S.S.; Gioe, B.W.; Grove, A. MarR Family Transcription Factors from Burkholderia Species: Hidden Clues to Control of Virulence-Associated Genes. Microbiol. Mol. Biol. Rev. 2018, 83, e00039-18. [Google Scholar] [CrossRef] [PubMed]

	



Losada, L.; Shea, A.A.; DeShazer, D. A MarR Family Transcriptional Regulator and Subinhibitory Antibiotics Regulate Type VI Secretion Gene Clusters in Burkholderia Pseudomallei. Microbiology 2018, 164, 1196–1211. [Google Scholar] [CrossRef] [PubMed]

	



Hommais, F.; Oger-Desfeux, C.; Van Gijsegem, F.; Castang, S.; Ligori, S.; Expert, D.; Nasser, W.; Reverchon, S. PecS Is a Global Regulator of the Symptomatic Phase in the Phytopathogenic Bacterium Erwinia Chrysanthemi 3937. J. Bacteriol. 2008, 190, 7508–7522. [Google Scholar] [CrossRef] [PubMed]

	



Lv, M.; Chen, Y.; Hu, M.; Yu, Q.; Duan, C.; Ye, S.; Ling, J.; Zhou, J.; Zhou, X.; Zhang, L. OhrR Is a Central Transcriptional Regulator of Virulence in Dickeya Zeae. Mol. Plant. Pathol. 2021, 23, 45–59. [Google Scholar] [CrossRef]

	



Zhou, J.-N.; Zhang, H.-B.; Lv, M.-F.; Chen, Y.-F.; Liao, L.-S.; Cheng, Y.-Y.; Liu, S.-Y.; Chen, S.-H.; He, F.; Cui, Z.-N.; et al. SlyA Regulates Phytotoxin Production and Virulence in Dickeya Zeae EC1. Mol. Plant Pathol. 2016, 17, 1398–1408. [Google Scholar] [CrossRef]

	



Deochand, D.K.; Pande, A.; Meariman, J.K.; Grove, A. Redox Sensing by PecS from the Plant Pathogen Pectobacterium Atrosepticum and Its Effect on Gene Expression and the Conformation of PecS-Bound Promoter DNA. Biochemistry 2019, 58, 2564–2575. [Google Scholar] [CrossRef]

	



Calisti, C.; Ficca, A.G.; Barghini, P.; Ruzzi, M. Regulation of Ferulic Catabolic Genes in Pseudomonas Fluorescens BF13: Involvement of a MarR Family Regulator. Appl. Microbiol. Biotechnol. 2008, 80, 475–483. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Luo, F.; Wu, D.; Hikichi, Y.; Kiba, A.; Igarashi, Y.; Ding, W.; Ohnishi, K. PrhN, a Putative MarR Family Transcriptional Regulator, Is Involved in Positive Regulation of Type III Secretion System and Full Virulence of Ralstonia Solanacearum. Front. Microbiol. 2015, 6, 357. [Google Scholar] [CrossRef]

	



Hirakawa, H.; Hirakawa, Y.; Greenberg, E.P.; Harwood, C.S. BadR and BadM Proteins Transcriptionally Regulate Two Operons Needed for Anaerobic Benzoate Degradation by Rhodopseudomonas Palustris. Appl. Environ. Microbiol. 2015, 81, 4253–4262. [Google Scholar] [CrossRef] [PubMed]

	



Kasai, D.; Kamimura, N.; Tani, K.; Umeda, S.; Abe, T.; Fukuda, M.; Masai, E. Characterization of FerC, a MarR-Type Transcriptional Regulator, Involved in Transcriptional Regulation of the Ferulate Catabolic Operon in Sphingobium Sp. Strain SYK-6. FEMS Microbiol. Lett. 2012, 332, 68–75. [Google Scholar] [CrossRef] [PubMed]

	



Fontenelle, C.; Blanco, C.; Arrieta, M.; Dufour, V.; Trautwetter, A. Resistance to Organic Hydroperoxides Requires Ohr and OhrR Genes in Sinorhizobium Meliloti. BMC Microbiol. 2011, 11, 100. [Google Scholar] [CrossRef] [PubMed]

	



Bahlawane, C.; Baumgarth, B.; Serrania, J.; Rüberg, S.; Becker, A. Fine-Tuning of Galactoglucan Biosynthesis in Sinorhizobium Meliloti by Differential WggR (ExpG)-, PhoB-, and MucR-Dependent Regulation of Two Promoters. J. Bacteriol. 2008, 190, 3456–3466. [Google Scholar] [CrossRef]

	



Janczarek, M. Environmental Signals and Regulatory Pathways That Influence Exopolysaccharide Production in Rhizobia. Int. J. Mol. Sci. 2011, 12, 7898–7933. [Google Scholar] [CrossRef]

	



Pan, Y.; Liang, F.; Li, R.-J.; Qian, W. MarR-Family Transcription Factor HpaR Controls Expression of the VgrR-VgrS Operon of Xanthomonas Campestris Pv. Campestris. Mol. Plant-Microbe Interact. 2018, 31, 299–310. [Google Scholar] [CrossRef]

	



Wei, K.; Tang, D.-J.; He, Y.-Q.; Feng, J.-X.; Jiang, B.-L.; Lu, G.-T.; Chen, B.; Tang, J.-L. HpaR, a Putative MarR Family Transcriptional Regulator, Is Positively Controlled by HrpG and HrpX and Involved in the Pathogenesis, Hypersensitive Response, and Extracellular Protease Production of Xanthomonas Campestris Pathovar Campestris. J. Bacteriol. 2007, 189, 2055–2062. [Google Scholar] [CrossRef]

	



Klomsiri, C.; Panmanee, W.; Dharmsthiti, S.; Vattanaviboon, P.; Mongkolsuk, S. Novel Roles of OhrR-Ohr in Xanthomonas Sensing, Metabolism, and Physiological Adaptive Response to Lipid Hydroperoxide. J. Bacteriol. 2005, 187, 3277–3281. [Google Scholar] [CrossRef]

	



Ralph, J. Hydroxycinnamates in Lignification. Phytochem. Rev. 2010, 9, 65–83. [Google Scholar] [CrossRef]

	



Bhattacharya, A.; Sood, P.; Citovsky, V. The Roles of Plant Phenolics in Defence and Communication during Agrobacterium and Rhizobium Infection. Mol. Plant Pathol. 2010, 11, 705–719. [Google Scholar] [CrossRef] [PubMed]

	



Lowe, T.M.; Ailloud, F.; Allen, C. Hydroxycinnamic Acid Degradation, a Broadly Conserved Trait, Protects Ralstonia Solanacearum from Chemical Plant Defenses and Contributes to Root Colonization and Virulence. Mol. Plant-Microbe Interact. 2015, 28, 286–297. [Google Scholar] [CrossRef] [PubMed]

	



Otani, H.; Lee, Y.-E.; Casabon, I.; Eltis, L.D. Characterization of P-Hydroxycinnamate Catabolism in a Soil Actinobacterium. J. Bacteriol. 2014, 196, 4293–4303. [Google Scholar] [CrossRef]

	



Hirakawa, H.; Schaefer, A.L.; Greenberg, E.P.; Harwood, C.S. Anaerobic P-Coumarate Degradation by Rhodopseudomonas Palustris and Identification of CouR, a MarR Repressor Protein That Binds p-Coumaroyl Coenzyme A. J. Bacteriol. 2012, 194, 1960–1967. [Google Scholar] [CrossRef]

	



Campillo, T.; Renoud, S.; Kerzaon, I.; Vial, L.; Baude, J.; Gaillard, V.; Bellvert, F.; Chamignon, C.; Comte, G.; Nesme, X.; et al. Analysis of Hydroxycinnamic Acid Degradation in Agrobacterium Fabrum Reveals a Coenzyme A-Dependent, Beta-Oxidative Deacetylation Pathway. Appl. Environ. Microbiol. 2014, 80, 3341–3349. [Google Scholar] [CrossRef]

	



Wood, D.W.; Setubal, J.C.; Kaul, R.; Monks, D.E.; Kitajima, J.P.; Okura, V.K.; Zhou, Y.; Chen, L.; Wood, G.E.; Almeida, N.F.; et al. The Genome of the Natural Genetic Engineer Agrobacterium Tumefaciens C58. Science 2001, 294, 2317–2323. [Google Scholar] [CrossRef]

	



Kim, Y.; Joachimiak, G.; Bigelow, L.; Babnigg, G.; Joachimiak, A. How Aromatic Compounds Block DNA Binding of HcaR Catabolite Regulator. J. Biol. Chem. 2016, 291, 13243–13256. [Google Scholar] [CrossRef]

	



Valette, M.; Rey, M.; Gerin, F.; Comte, G.; Wisniewski-Dyé, F. A Common Metabolomic Signature Is Observed upon Inoculation of Rice Roots with Various Rhizobacteria. J. Int. Plant Biol. 2020, 62, 228–246. [Google Scholar] [CrossRef]

	



Conway, J.M.; Walton, W.G.; Salas-González, I.; Law, T.F.; Lindberg, C.A.; Crook, L.E.; Kosina, S.M.; Fitzpatrick, C.R.; Lietzan, A.D.; Northen, T.R.; et al. Diverse MarR Bacterial Regulators of Auxin Catabolism in the Plant Microbiome. Nat. Microbiol. 2022, 7, 1817–1833. [Google Scholar] [CrossRef] [PubMed]

	



Costa, O.Y.A.; Raaijmakers, J.M.; Kuramae, E.E. Microbial Extracellular Polymeric Substances: Ecological Function and Impact on Soil Aggregation. Front. Microbiol. 2018, 9, 1636. [Google Scholar] [CrossRef] [PubMed]

	



Fraysse, N.; Couderc, F.; Poinsot, V. Surface Polysaccharide Involvement in Establishing the Rhizobium-Legume Symbiosis. Eur. J. Biochem. 2003, 270, 1365–1380. [Google Scholar] [CrossRef] [PubMed]

	



Rinaudi, L.V.; González, J.E. The Low-Molecular-Weight Fraction of Exopolysaccharide II from Sinorhizobium Meliloti Is a Crucial Determinant of Biofilm Formation. J. Bacteriol. 2009, 191, 7216–7224. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, H.-P.; Walker, G.C. Succinoglycan Is Required for Initiation and Elongation of Infection Threads during Nodulation of Alfalfa by Rhizobium Meliloti. J. Bacteriol. 1998, 180, 5183–5191. [Google Scholar] [CrossRef]

	



Popp, C.; Ott, T. Regulation of Signal Transduction and Bacterial Infection during Root Nodule Symbiosis. Curr. Opin. Plant. Biol. 2011, 14, 458–467. [Google Scholar] [CrossRef]

	



Pellock, B.J.; Cheng, H.P.; Walker, G.C. Alfalfa Root Nodule Invasion Efficiency Is Dependent on Sinorhizobium Meliloti Polysaccharides. J. Bacteriol. 2000, 182, 4310–4318. [Google Scholar] [CrossRef]

	



Maillet, F.; Fournier, J.; Mendis, H.; Tadege, M.; Wen, J.; Ratet, P.; Mysore, K.; Gough, C.; Jones, K. Sinorhizobium Meliloti Succinylated High Molecular Weight Succinoglycan and the Medicago Truncatula LysM Receptor-like Kinase MtLYK10 Participate Independently in Symbiotic Infection. Plant J. 2020, 102, 311–326. [Google Scholar] [CrossRef]

	



Krol, E.; Becker, A. Global Transcriptional Analysis of the Phosphate Starvation Response in Sinorhizobium Meliloti Strains 1021 and 2011. Mol. Genet. Genom. 2004, 272, 1–17. [Google Scholar] [CrossRef]

	



Mendrygal, K.E.; González, J.E. Environmental Regulation of Exopolysaccharide Production in Sinorhizobium Meliloti. J. Bacteriol. 2000, 182, 599–606. [Google Scholar] [CrossRef]

	



Mueller, K.; González, J.E. Complex Regulation of Symbiotic Functions Is Coordinated by MucR and Quorum Sensing in Sinorhizobium Meliloti. J. Bacteriol. 2011, 193, 485–496. [Google Scholar] [CrossRef]

	



McIntosh, M.; Krol, E.; Becker, A. Competitive and Cooperative Effects in Quorum-Sensing-Regulated Galactoglucan Biosynthesis in Sinorhizobium Meliloti. J. Bacteriol. 2008, 190, 5308–5317. [Google Scholar] [CrossRef]

	



Antelmann, H.; Helmann, J.D. Thiol-Based Redox Switches and Gene Regulation. Antioxid. Redox. Signal. 2011, 14, 1049–1063. [Google Scholar] [CrossRef] [PubMed]

	



Kolomiets, M.V.; Hannapel, D.J.; Chen, H.; Tymeson, M.; Gladon, R.J. Lipoxygenase Is Involved in the Control of Potato Tuber Development. Plant Cell 2001, 13, 613–626. [Google Scholar] [CrossRef] [PubMed]

	



Devi, S.S.; Mehendale, H.M. Quinone. Encyclopedia of Toxicology, 3rd ed.; Academic Press: Cambridge, MA, USA, 2014; pp. 26–28. [Google Scholar] [CrossRef]

	



Akilandeswari, P.; Pradeep, B.V. Exploration of Industrially Important Pigments from Soil Fungi. Appl. Microbiol. Biotechnol. 2016, 100, 1631–1643. [Google Scholar] [CrossRef]

	



Radhakrishnan, R.; Hashem, A.; Abd_Allah, E.F. Bacillus: A Biological Tool for Crop Improvement through Bio-Molecular Changes in Adverse Environments. Front. Physiol. 2017, 8, 667. [Google Scholar] [CrossRef] [PubMed]

	



Chi, B.K.; Huyen, N.T.T.; Loi, V.V.; Gruhlke, M.C.H.; Schaffer, M.; Maeder, U.; Maass, S.; Becher, D.; Bernhardt, J.; Arbach, M.; et al. The Disulfide Stress Response and Protein S-Thioallylation Caused by Allicin and Diallyl Polysulfanes in Bacillus Subtilis as Revealed by Transcriptomics and Proteomics. Antioxidants 2019, 8, 605. [Google Scholar] [CrossRef]

	



Griffiths, G.; Leverentz, M.; Silkowski, H.; Gill, N.; Sánchez-Serrano, J.J. Lipid Hydroperoxide Levels in Plant Tissues. J. Exp. Bot. 2000, 51, 1363–1370. [Google Scholar] [CrossRef]

	



Kolomiets, M.V.; Chen, H.; Gladon, R.J.; Braun, E.J.; Hannapel, D.J. A Leaf Lipoxygenase of Potato Induced Specifically by Pathogen Infection. Plant Physiol. 2000, 124, 1121–1130. [Google Scholar] [CrossRef]

	



Deboever, E.; Lins, L.; Ongena, M.; De Clerck, C.; Deleu, M.; Fauconnier, M.-L. Linolenic Fatty Acid Hydroperoxide Acts as Biocide on Plant Pathogenic Bacteria: Biophysical Investigation of the Mode of Action. Bioorganic Chem. 2020, 100, 103877. [Google Scholar] [CrossRef]

	



Mongkolsuk, S.; Praituan, W.; Loprasert, S.; Fuangthong, M.; Chamnongpol, S. Identification and Characterization of a New Organic Hydroperoxide Resistance (Ohr) Gene with a Novel Pattern of Oxidative Stress Regulation from Xanthomonas Campestris Pv. Phaseoli. J. Bacteriol. 1998, 180, 2636–2643. [Google Scholar] [CrossRef]

	



Puppo, A.; Pauly, N.; Boscari, A.; Mandon, K.; Brouquisse, R. Hydrogen Peroxide and Nitric Oxide: Key Regulators of the Legume-Rhizobium and Mycorrhizal Symbioses. Antioxid. Redox Signal. 2013, 18, 2202–2219. [Google Scholar] [CrossRef] [PubMed]

	



Damiani, I.; Pauly, N.; Puppo, A.; Brouquisse, R.; Boscari, A. Reactive Oxygen Species and Nitric Oxide Control Early Steps of the Legume—Rhizobium Symbiotic Interaction. Front. Plant Sci. 2016, 7, 454. [Google Scholar] [CrossRef] [PubMed]

	



Santos, R.; Hérouart, D.; Sigaud, S.; Touati, D.; Puppo, A. Oxidative Burst in Alfalfa-Sinorhizobium Meliloti Symbiotic Interaction. Mol. Plant Microbe Interact. 2001, 14, 86–89. [Google Scholar] [CrossRef]

	



Jamet, A.; Sigaud, S.; Van de Sype, G.; Puppo, A.; Hérouart, D. Expression of the Bacterial Catalase Genes During Sinorhizobium Meliloti-Medicago Sativa Symbiosis and Their Crucial Role During the Infection Process. Mol. Plant-Microbe Interact. 2003, 16, 217–225. [Google Scholar] [CrossRef]

	



Lehman, A.P.; Long, S.R. OxyR-Dependent Transcription Response of Sinorhizobium Meliloti to Oxidative Stress. J. Bacteriol. 2018, 200, e00622-17. [Google Scholar] [CrossRef]

	



Zhang, L.; Li, N.; Wang, Y.; Zheng, W.; Shan, D.; Yu, L.; Luo, L. Sinorhizobium Meliloti OhrR Genes Affect Symbiotic Performance with Alfalfa (Medicago Sativa). Environ. Microbiol. Rep. 2022, 14, 595–603. [Google Scholar] [CrossRef]

	



Ma, B.; Hibbing, M.E.; Kim, H.-S.; Reedy, R.M.; Yedidia, I.; Breuer, J.; Breuer, J.; Glasner, J.D.; Perna, N.T.; Kelman, A.; et al. Host Range and Molecular Phylogenies of the Soft Rot Enterobacterial Genera Pectobacterium and Dickeya. Phytopathology 2007, 97, 1150–1163. [Google Scholar] [CrossRef] [PubMed]

	



Hugouvieux-Cotte-Pattat, N.; Condemine, G.; Shevchik, V.E. Bacterial Pectate Lyases, Structural and Functional Diversity: Bacterial Pectate Lyases. Environ. Microbiol. Rep. 2014, 6, 427–440. [Google Scholar] [CrossRef]

	



Reverchon, S.; Nasser, W.; Robert-Baudouy, J. PecS: A Locus Controlling Pectinase, Cellulase and Blue Pigment Production in Erwinia Chrysanthemi. Mol. Microbiol. 1994, 11, 1127–1139. [Google Scholar] [CrossRef]

	



Pédron, J.; Chapelle, E.; Alunni, B.; Van Gijsegem, F. Transcriptome Analysis of the Dickeya Dadantii PecS Regulon during the Early Stages of Interaction with Arabidopsis Thaliana. Mol. Plant Pathol. 2018, 19, 647–663. [Google Scholar] [CrossRef]

	



Nasser, W.; Reverchon, S.; Vedel, R.; Boccara, M. PecS and PecT Coregulate the Synthesis of HrpN and Pectate Lyases, Two Virulence Determinants in Erwinia Chrysanthemi 3937. Mol. Plant-Microbe Interact. 2005, 18, 1205–1214. [Google Scholar] [CrossRef] [PubMed]

	



Hafez, R.M.; Abdel-Rahman, T.M.; Naguib, R.M. Uric Acid in Plants and Microorganisms: Biological Applications and Genetics—A Review. J. Adv. Res. 2017, 8, 475–486. [Google Scholar] [CrossRef] [PubMed]

	



Charkowski, A.; Blanco, C.; Condemine, G.; Expert, D.; Franza, T.; Hayes, C.; Hugouvieux-Cotte-Pattat, N.; Solanilla, E.L.; Low, D.; Moleleki, L.; et al. The Role of Secretion Systems and Small Molecules in Soft-Rot Enterobacteriaceae Pathogenicity. Annu. Rev. Phytopathol. 2012, 50, 425–449. [Google Scholar] [CrossRef] [PubMed]

	



Sawana, A.; Adeolu, M.; Gupta, R.S. Molecular Signatures and Phylogenomic Analysis of the Genus Burkholderia: Proposal for Division of This Genus into the Emended Genus Burkholderia Containing Pathogenic Organisms and a New Genus Paraburkholderia Gen. Nov. Harboring Environmental Species. Front. Genet. 2014, 5, 429. [Google Scholar] [CrossRef]

	



Wang, L.; Pan, Y.; Yuan, Z.-H.; Zhang, H.; Peng, B.-Y.; Wang, F.-F.; Qian, W. Two-Component Signaling System VgrRS Directly Senses Extracytoplasmic and Intracellular Iron to Control Bacterial Adaptation under Iron Depleted Stress. PLoS Pathog. 2016, 12, e1006133. [Google Scholar] [CrossRef]








[image: Microorganisms 11 01936 g001 550] 





Figure 1. Schematic representation of MarR-like regulator’s structural features. (A). MarR-like monomer subunit with secondary structure elements. (B). MarR-like dimer organization. The two long intersecting helices α1 (dark blue arrow) form the dimerization domain of the two MarR-like monomers, and the two recognition helices α4 (green arrow) form the wHTH DNA-binding domain. The α2, α3, α5 and α6 helices are shown in light blue. Based on PDB ID: 3QPT. 
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Figure 2. Regulation of MarR-like repression activity by environmental signals. (A) Regulation by ligand binding. MarR-like regulators generally bind ligand molecules at the interface between dimerization and DNA-binding domains and then experience a destabilizing interaction with DNA and induce expression of targeted genes. (B) Regulation by ROS oxidation. Some MarR-like regulators harbor cysteine residues able to perceive ROS signals. Oxidation of cysteine residues induces the formation of disulfide bond, modifying protein conformation and preventing repression of targeted genes. 
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Figure 3. Model for MarR-like regulated pathways involved in plant–bacteria interactions. (A) Roles of MarR regulators in rhizospheric bacteria. (B) Roles of MarR regulators in phytopathogenic bacteria. (C) Roles of MarR regulators in symbiotic bacteria. *: No evidence concerning the plant signal recognized by the MarR-like regulator. PGPB: Plant-Growth-Promoting Bacteria; HCA: Hydroxycinnamates; EPS: Exopolysaccharides; Pi: Inorganic phosphate; ROS: Reactive Oxygen Species; ROOH: organic hydroperoxides; PCWDE: Plant-Cell-Wall-Degrading Enzymes. 
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Figure 4. Degradation of HCA by β-oxidative and non-β-oxidative pathways. The first two steps of HCA degradation pathways are regulated by MarR-like regulators (red) in Rhodopseudomonas palustris and Agrobacterium fabrum C58 in the β-oxidative pathway and in Acinetobacter sp. ADP1, Pseudomonas fluorescens BF13 and Sphingobium sp. SYK-6 in the non-β-oxidative pathway. p-coumarate and ferulate are degraded by these pathways. The protocatechuate released at the end of the pathway is then incorporated into the TCA cycle via the β-ketoadipate pathway. HCA: Hydroxycinnamates; CoA: Coenzyme A; HMPHP: 4-hydroxy-3-methoxyphenyl-β-hydroxypropionic acid; HMPKP: 4-hydroxy-3-methoxyphenyl-β-ketopropionic acid [55]. 
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Figure 5. Regulation network model for EPS-II biosynthesis in Sinorhizobium meliloti. Under phosphate-starvation conditions, WggR (purple) and PhoB (orange) cooperatively induce EPS-II biosynthesis. At higher phosphate concentrations, only MucR (red) and WggR repress the expression of EPS-II biosynthesis genes. When the population density increases, AHL (green) produced by bacteria are recognized by the ExpR receptor regulator (light blue). ExpR can then induce the expression of EPS-II biosynthesis genes and counteract the repression exerted by MucR (in the presence of WggR). AHL: Acyl Homoserine Lactone; Pi: Inorganic phosphate. wgeB, wgdA, wggR, wgcA, wgaA and wgeA genes belong to the exp cluster [78]. 
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Table 1. MarR family regulators characterized in plant-interacting bacteria. Regulated functions are defined according to the regulated gene or to an observed phenotype in rhizosphere or in planta. On average, bacteria harbor at least seven MarR-like paralogs per genome. Only characterized regulators are presented (nonexhaustive list).
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Organism

	
MarR-like

	
Regulation

	
Signal

	
Regulated Functions

	
References






	
Acinetobacter sp. ADP1

	
HcaR

	
R

	
p-coumaroyl-CoA; feruloyl-CoA

	
HCA degradation

	
[53]




	
Agrobacterium fabrum C58

	
OhrR

	
R

	
ROOH

	
ROOH resistance

	
[54]




	
HpaR

	
R

	
p-coumaroyl-CoA; feruloyl-CoA

	
HCA degradation

	
[55]




	
PecS

	
R

	
Urate

	
ROS resistance

	
[56]




	
Azorhizobium caulinodans

	
OhrR

	
R/A

	
ROOH

	
ROOH resistance

	
[57]




	
Bacillus subtilis

	
CatR

	
R

	
RES; NaOCl

	
RES resistance

	
[58]




	
HypR

	
A

	
RES; NaOCl

	
NaOCl resistance

	
[59]




	
MhqR

	
R

	
RES

	
RES resistance

	
[60]




	
OhrR

	
R

	
ROOH; NaOCl

	
ROOH resistance

	
[61,62]




	
YetL

	
R

	
Flavonoids

	
Flavonoid detoxification

	
[63,64]




	
YodB

	
R

	
RES; NaOCl

	
RES resistance

	
[58,65]




	
Burkholderia sp.

	
BifR

	
R

	
Copper

	
Biofilm formation

	
[51]




	
MftR

	
R

	
Urate

	
Virulence

	
[15]




	
OhrR

	
R

	
ROOH

	
ROOH resistance

	
[66]




	
TctR

	
R/A

	
N.D

	
Virulence

	
[67]




	
Dickeya dadantii

	
MfbR

	
R/A

	
pH

	
PCWDE biosynthesis

	
[26]




	
PecS

	
R

	
N.D

	
Virulence

	
[68]




	
SlyA

	
R/A

	
N.D

	
Virulence

	
[16,17]




	
Dickeya zeae

	
OhrR

	
R/A

	
N.D

	
Virulence; ROS resistance

	
[69]




	
SlyA

	
R/A

	
N.D

	
PCWDE biosynthesis

	
[70]




	
Pectobacterium atrosepticum

	
PecS

	
R

	
Urate; H2O2; ROOH; pH

	
ROS resistance

	
[71]




	
Pseudomonas fluorescens

	
FerR

	
R/A

	
Feruloyl-CoA

	
HCA degradation

	
[72]




	
Ralstonia solanacearum

	
PrhN

	
A

	
N.D

	
Virulence

	
[73]




	
Rhodopseudomonas palustris

	
BadR

	
R/A

	
2-ketocyclohexane-1-carboxyl-CoA

	
Benzoate degradation

	
[74]




	
CouR

	
R

	
p-coumaroyl-CoA

	
HCA degradation

	
[31]




	
Sphingobium sp. SYK-6

	
DesR

	
R

	
Vanillate; syringate

	
Lignin degradation

	
[32]




	
FerC

	
R

	
p-coumaroyl-CoA; feruloyl-CoA

	
HCA degradation

	
[75]




	
Sinorhizobium meliloti

	
OhrR

	
R

	
ROOH

	
ROOH resistance

	
[76]




	
WggR

	
R/A

	
Phosphate concentration

	
EPS-II biosynthesis

	
[77,78]




	
Xanthomonas campestris

	
HpaR

	
R/A

	
N.D

	
Virulence

	
[79,80]




	
OhrR

	
R

	
ROOH

	
ROOH resistance

	
[46,81]








R: repressor; A: activator; N.D: nondescribed; ROOH: organic hydroperoxides; ROS: Reactive Oxygen Species; RES: Reactive Electrophile Species; PCWDE: Plant-Cell-Wall-Degrading Enzymes.
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