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Abstract

:

The mutualistic interaction between gram-negative soil bacteria and the roots of legumes leads to the establishment of nodules, where atmospheric nitrogen is fixed. Nodulation is a multistep process with numerous essential players. Among these are reactive oxygen species (ROS), which are mainly generated by Nicotinamide Adenine Dinucleotide Phosphate (NADPH) oxidases. In plants, these enzymes are known as respiratory burst oxidase homologs (RBOHs). In legumes, these proteins are encoded by a multigene family with members that are differentially expressed in various tissues and organs at distinct developmental stages. RBOHs have critical roles at several stages of nodulation: in the early signaling pathway triggered by nodulation factors in the root hairs, during both the progression of infection threads and nodule ontogeny, and in nitrogen fixation and senescence. Data from the literature along with the analysis conducted here imply that legumes use different RBOHs for different stages of nodulation; these RBOHs belong to the same phylogenetic subgroup, even though they are not strictly orthologous. Accordingly, the regulation of activity of a given RBOH during the nodulation process probably varies among legumes.
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1. Introduction


The symbiotic association of legumes with gram-negative soil bacteria results in the formation of nodules, unique structures in which the bacteria fix atmospheric nitrogen. These bacteria belong to various genera, including Rhizobium, Bradyrhizobium, Mesorhizobium, Sinorhizobium, and Azorhizobium. The symbiotic interaction is initiated in the rhizosphere with an exchange of chemical signals between the macrosymbiont and microsymbiont. The roots of leguminous plants secrete phenolic compounds, mainly (iso)flavonoids, and in response, the bacteria synthesize and secrete lipochitooligosaccharides known as nodulation (Nod) factors [1]. After the Nod factors are specifically recognized by receptors in the root hair cells of the legume, complex molecular and cellular responses initiate bacterial infection via the formation of an infection thread, a tubular structure formed by the plant through which the bacteria enter the root cortex. Simultaneously, a nodule primordium develops in the root cortex, triggering de novo cell division. In the early stages of the symbiosis, an upregulation of various plant genes occurs, among them the so-called early nodulins that participate in the development of the nodule primordium. Once the root hair cells have been infected by rhizobia, the rhizobia migrate through the infection thread to the base of the root hair cells and to the root cortex, where they are released from the infection thread and become enclosed by the host membrane to form a bacteria-containing vesicle called the symbiosome. In the symbiosome, the rhizobia differentiate into bacteroids and ultimately fix nitrogen [2].



Nodules can be indeterminate or determinate, differing in morphology and developmental programs. Legumes from the inverted repeat-lacking clade (e.g., Medicago sativa L., Pisum sativum L., and Vicia faba L.) develop indeterminate nodules, which have a persistent apical meristem and comprise different zones: the meristematic zone, infection zone, interzone, and nitrogen-fixing zone [3]. Phaseolus vulgaris L. and Glycine max (L.) Merr., considered tropical legumes, develop determinate nodules in which no focal meristem is evident; similarly, more temperate legume species such as Lotus japonicus L. form determinate nodules [4].



Reactive oxygen species (ROS) originating from the activity of respiratory burst oxidase homologs (RBOHs), called NADPH (NOX) oxidases in mammals, are generated in specific root tissues at different time points during establishment of the legume–rhizobia symbiosis [5]. RBOHs are plasma membrane proteins that catalyze the reduction of oxygen to generate superoxide anions utilizing the reducing power of NADPH. These proteins are approximately 100 kD and possess six transmembrane regions. The third and fifth transmembrane domains coordinate a heme group through four histidine residues. Flavin and NADPH binding motifs are situated at the carboxy terminus, while the amino terminus contains regulatory sequences and two EF-hand motifs [6,7]. RBOH-mediated ROS production is stimulated when calcium ions interact with the EF-hand motifs, and phosphorylation is a synergistic key player. The activity of these enzymes is modulated at the amino terminus by protein kinases, calcium-dependent protein kinases, nitric oxide, and complexes between protein kinases and calcineurin B-like calcium sensors 1 and 9 [8].



In legumes, the Rboh genes encompass a large family, the members of which are differentially expressed in different tissues and organs at distinct developmental phases [5,9,10,11]. These enzymes have important roles at various stages of nodulation, such as in the signaling pathway triggered by Nod factors in the root hairs, in the advancement of the infection thread, in nodule ontogeny, in nitrogen fixation, and in senescence of the nodules. Here, we analyzed the role of Rboh genes in nodulation, focusing on their patterns of expression and their phylogenetic relationships in legumes, based on available genome sequences.




2. RBOH Functions: From Nod Factor Perception to Rhizobial Infection and Nodule Development


2.1. ROS in the Early Signaling Pathway


The process of the legume–rhizobia symbiosis can be divided into well-defined steps, in which morphological, cellular, and physiological changes occur in root cells. Data obtained during several decades of research by various groups allow sequential analysis of ROS levels and the expression of Rboh genes throughout nodulation. The transient ROS production observed in the apical region of P. vulgaris root hairs, within seconds of Nod factor perception, constitutes the fastest response recorded to date [12] (Figure 1). In G. max, a related response by ROS production was reported 2 min after rhizobial inoculation, both in the apical and perinuclear region of the root hair cells [13,14]. The specificity of these oxidative bursts indicates their central role in the early symbiotic signaling pathway [5]. Modulation of Rboh expression at this stage has not been reported, and considering the rapid nature of this response, variations at the transcriptional level are unlikely; however, a 3.9-fold increase in NADPH oxidase activity was detected in a microsomal fraction of P. sativum roots 5 min after inoculation with Rhizobium [15], a response that can be linked to an increase in calcium flux at the tip of the responding root hair cell [16,17]. Calcium is a major regulator of RBOH activity that binds to the EF-hand motifs at the amino terminus [18]; however, these enzymes can also be modulated by interaction with small GTPases of the Rho family [19]. In L. japonicus, ROP6 interacts in planta with Nod factor receptor 5 (NFR5) at the plasma membrane [20]. In M. truncatula, Nod factor induces expression of ROP10, which interacts with the kinase domain of the Nod factor receptor NFP in a GTP-dependent manner [21]. These reports demonstrate that ROP GTPases participate in the legume–rhizobia symbiosis, and are candidate regulators of RBOHs.



In a subsequent stage of nodulation, 20–30 min after Nod factor addition, hydrogen peroxide generation is suppressed in M. truncatula roots. This response is apparently symbiosis-specific, since ROS levels are not affected in the nfp mutant background, which shows no measurable response to Nod factor [17]. Low levels of ROS remain for 1 h after Nod factor treatment in M. truncatula roots, which parallels with the downregulation of two MtRbohs (MtRbohB and MtRbohE) that cause root hair swelling [22] (Figure 1). The modulation of ROS levels is highly dynamic, since superoxide accumulates to high levels in the region susceptible to rhizobial infection 12 h after incubation of M. truncatula roots with Nod factor [23] (Figure 1). At 20 h after Nod factor treatment, eight Rboh genes (MtRbohA, MtRbohB, MtRbohD, MtRbohE, MtRbohF, MtRbohG, MtRbohH, and MtRbohI) are expressed in M. truncatula root hairs, with MtRbohG being slightly downregulated [24].




2.2. RBOHs Modulate Infection Thread Growth and Nodule Organogenesis


Superoxide accumulates to high levels in the infection thread, the tubular structure employed by rhizobia to invade the root hair cell [25]. PvRbohA and PvRbohB expression is strongly upregulated in P. vulgaris root hairs [10,26]. Using translational fusions to yellow fluorescent protein as a reporter, these enzymes were detected in infection pockets of P. vulgaris root hairs. PvRBOHB is mainly restricted to the sites of infection thread progression [5], while PvRBOHA is localized throughout the infection thread and at the base of the root hair cell [26]. The role played by these oxidases in P. vulgaris infection threads is likely comparable to that of RBOH members in Arabidopsis thaliana (L.) Heynh., as a mediator of cell wall loosening and strengthening during the polar growth of root hairs and pollen tubes [27,28]. Remodeling of cell wall flexibility is key for rhizobial infection and occurs at the base of the root hair and at the growth pole of the infection thread, the respective sites where PvRBOHA and PvRBOHB are located. The crucial role of these oxidases during infection thread advancement was demonstrated by RNAi-mediated gene silencing in transgenic P. vulgaris roots. In both PvRbohA-RNAi and PvRbohB-RNAi plants, infection threads are aborted at the base of the root hair [10,26]. However, the number of infection events per root is not affected in PvRbohB-RNAi roots, while a significant reduction in this process can be observed in PvRbohA-RNAi plants, indicating non-overlapping roles of these genes during rhizobial infection.



A similar scenario was described in A. thaliana, where both AtRBOHH and AtRBOHJ are located in the membrane of the pollen tube, but with different distribution patterns [29]. A recent report from our group shows that rhizobial infection, ROS production, and PvRbohB expression are reduced in P. vulgaris transgenic roots after silencing of annexin 1, a homolog of Atann1. In A. thaliana, Ann1 promotes Ca2+ influx through the plasma membrane in response to salinity [30]. In L. japonicus, infection thread progression is also severely affected in LjROP6-RNAi plants, leading to fewer nodules, a phenotype that resembles PvRbohA-RNAi or PvRbohB-RNAi plants in P. vulgaris [20]. Likewise, rhizobial infection is impaired in M. truncatula ROP9-RNAi plants. Both ROS levels and MtRbohB expression are suppressed in MtROP9-silenced plants after rhizobial inoculation, showing a direct interplay with RBOH in nodulation [31].



In parallel with rhizobial infection, nodule primordia develop in the cortex cells, where superoxide is produced at high levels [23,25]. PvRbohA and PvRbohB are expressed in the vascular bundles of the nodule primordium; nevertheless, only the PvRbohB promoter is active in the dividing cortical cells [10,26]. In M. truncatula, the promoter activity of MtRbohE, MtRbohF, and MtRbohG is mainly associated with the vascular bundles of the nodules, whereas MtRbohB promoter activity is associated with the meristem [9]. These observations indicate that Rboh genes are recruited at different regions of the developing organ. In plants, diverse growth and developmental processes are coordinated by the interplay of ROS and phytohormones [32]. For instance, AtRBOHD-mediated ROS production is required for auxin-dependent cell division during lateral root development in A. thaliana [33]. In the legume–rhizobia symbiosis, auxins are produced in rhizobia-infected root hairs and during nodule primordium formation [34,35], which is associated with the induction of genes involved in auxin metabolism [26,35]. The upregulation of cytokinin- and auxin-related genes is repressed in PvRbohB-RNAi roots after rhizobial inoculation [36], supporting the close connection between ROS and hormones in the legume–rhizobia symbiosis.




2.3. Phylogenetic Distribution and Expression of Rboh Genes of Legumes in Nodules


In legumes, as in other plant species, Rbohs constitute gene families of variable sizes, with specific spatial and temporal expression patterns in tissues and organs [5,9,10,37]. In previous studies, incomplete genome information in M. truncatula and L. japonicus led to the partial identification of Rboh genes [9,10]. A more recent search of available genome information [38,39] prompted us to determine the composition of the Rboh family in these legumes. L. japonicus, like P. vulgaris, has nine Rbohs, while in M. truncatula the family has ten members. The phylogenetic reconstruction of these oxidases reveals that, in most cases, putative orthologs can be identified among these species (Figure 2). To date, only three legume Rboh genes have been functionally characterized throughout the different steps of nodulation: PvRbohA, PvRbohB, and MtRbohA [9,10,11,26]. MtRbohA was the first legume NADPH oxidase reportedly involved in nodulation and it is the most abundant Rboh transcript in M. truncatula nodules [9]. The first stages of the symbiotic process are not affected in MtRbohA-RNAi plants; however, nitrogen fixation is reduced [9]. In P. vulgaris, both PvRbohA and PvRbohB are important during rhizobial infection and nodule organogenesis [10,26], although they are not direct orthologs of MtRbohA.



A study of RbohE during arbuscular mycorrhization in M. truncatula suggests a role for this gene in arbuscule accommodation within cortical cells [37]. Based on our phylogenetic data, MtRbohE is a putative ortholog of PvRbohA (Figure 2). However, these genes seem to have different functions, since rhizobial infection is aborted in PvRbohA-silenced roots [26], whereas nodulation is not affected in M. truncatula plants expressing an MtRbohE-RNAi construct [37]. Because the roles of few Rbohs have been evaluated in legume–rhizobia symbiosis, it is difficult to compare them. However, the availability of gene expression databases for M. truncatula [40], P. vulgaris [41], and L. japonicus [38] has facilitated studies of comparative expression. The expression of MtRbohs, PvRbohs, and LjRbohs in nitrogen-fixing nodules demonstrates remarkable differences in the Rboh families (Figure 3A–C). Both P. vulgaris and L. japonicus develop determinate nodules; however, in P. vulgaris, five members are abundantly transcribed in nodules (PvRbohA, PvRbohB, PvRbohC, PvRbohD, and PvRbohF), while in L. japonicus, only LjRbohE is highly expressed compared to the other members of this gene family (Figure 3A,B). However, in both L. japonicus and M. truncatula, Rboh genes exhibit changes in expression at different stages of nodulation (Figure 3D,E). In M. truncatula, L. japonicus, and P. vulgaris, the Rboh isoforms highly expressed in nodules are located in the same subclade of the phylogenetic tree (Figure 2, shaded clade, and Figure 3A–C). Likewise, in the recently assembled nodule transcriptomes of P. sativum, Galega orientalis Lam., Astragalus canadensis L., Onobrychis viciifolia Scop., and Glycyrrhiza uralensis Fisch. [42,43], the most highly expressed Rbohs are clustered in this subclade (Figure 2, shaded clade). These legumes, like M. truncatula, belong to the inverted repeat-lacking clade in which nodules are indeterminate [30] and form a meristem at the tip, establishing a developmental gradient across each nodule. These developmental regions are classified into different zones, with the meristematic zone being the youngest region and the nitrogen-fixing zone the oldest, each showing particular expression profiles [31]. MtRbohC, MtRbohD, MtRbohE, MtRbohF, and MtRbohG are preferentially expressed in the meristematic region of M. truncatula nodules (ZI in Figure 3F). Therefore, these oxidases may be involved in maintaining mitotic activity in the nodule. For instance, ROS, particularly H2O2 and superoxide, regulate cell proliferation and cell fate determination [44]. Accumulating evidence demonstrates the key role played by ROS in cell division and root growth. The decreased epidermal root cell size phenotype of the nitrate transporter mutant latd of M. truncatula is due to high ROS levels and MtRbohC expression, and reverts to wild-type by MtRbohC silencing or abscisic acid treatment [45]. During lateral root emergence, the PvRbohB promoter is expressed, and the lateral root density is reduced when this NADPH oxidase is silenced [46]. Similarly, disrupting or enhancing RBOH activity influences the development and emergence of lateral roots in A. thaliana [33].



In the region where rhizobia are released from the infection threads of M. truncatula nodules (ZIIp), MtRbohH is most strongly expressed, while transcripts of MtRbohB and MtRbohJ are mainly found in the interzone (Figure 3F). As shown by Marino et al. [9], MtRbohA is particularly expressed in the nitrogen-fixing zone and is required for proper nodule functioning. However, MtRbohA is not the isoform preferentially expressed in the nitrogen-fixing zone (ZIII), since MtRbohI and MtRbohB transcripts are abundant in this zone (Figure 3F). A recent report [47] revealed the great complexity of Rboh regulation in nodule functioning. MtRbohB, MtRbohC, and MtRbohD are major players in the exacerbated plant defense response of the nad1 M. truncatula mutant, in which innate immunity is excessively activated. Mutation of these genes prevents nodule necrosis, and effective nodules are restored in the nad1 mutant background.





3. Conclusions


RBOHs have been shown to function throughout the nodulation process in several legumes that develop indeterminate and determinate nodules. For distinct steps in nodulation, legumes use different RBOHs that belong to the same phylogenetic subgroup, although they are not strictly orthologous sequences. The regulation of activity of a given RBOH during nodulation probably varies between legumes, supporting the idea that determinate and indeterminate nodules might have different ROS requirements. Functional characterization of additional legume Rboh genes is necessary to gain insight into the role of these genes in the legume–rhizobia symbiosis. New approaches such as CRISPR/Cas gene editing provide opportunities to engineer individual or multiple genes in efforts to more precisely define the role of Rbohs during mutualistic interactions.
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Figure 1. ROS levels and Rboh expression after Nod factor perception, rhizobial infection, and nodule primordium formation. The early stages of nodulation are illustrated along with the changes in ROS levels and Rboh expression after Nod factor treatment or rhizobial (Rhiz) inoculation. The purple line indicates the infection thread progression. The arrows indicate an increase (↑) and a decrease (↓) of ROS levels and Rboh expression. 
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Figure 2. Phylogenetic distribution of RBOHs in legumes. Phylogenetic relationship of RBOHs from M. truncatula (red), P. vulgaris (blue), L. japonicus (green), P. sativum (purple), G. orientalis (dark cyan), A. canadensis (pink), O. viciifolia (olive), and G. uralensis (cyan). The phylogenetic tree was constructed using the maximum likelihood method based on the JTT matrix-based model using MEGA7 software. The tree was drawn to scale, with branch lengths measured by the number of substitutions per site. Percentages of bootstrap values obtained from 1000 trials are shown at the nodes. The tree was rooted with the AtRBOHE sequence (black triangle). The genes functionally tested in nodulation are in bold. Annotations of the sequences are in Supplementary Table S1. The shaded oval highlights the clade with RBOH isoforms highly expressed in nodules. 
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Figure 3. Expression profiles of nodule-expressed Rbohs in legumes. (A–C), Expression levels of Rbohs in nodules of P. vulgaris (A), L. japonicus (B), and M. truncatula (C) at 21 dpi (A,B) and 28 dpi (C) [38,40,41]. Heatmap showing expression of Rbohs from L. japonicus (D) and M. truncatula (E) in roots (1–7 dpi) and nodules (10–28 dpi) following inoculation with Rhizobium. Heatmap showing MtRboh expression in different zones of M. truncatula nodules at 15 dpi with Sinorhizobium meliloti (F). ZI, meristematic zone; ZII, infection zone; IZ, interzone; and ZIII, nitrogen-fixing zone [3]. 
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