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Abstract: Rhizobia induces nitrogen-fixing nodules in legumes used in agricultural production, providing a direct source of combined nitrogen to leguminous crops. Small peptides, such as CLAVATA3/EMBRYO SURROUNDING REGION peptides (CLE), are known to regulate the formation and development of nitrogen-fixing nodules in legumes. Root meristem growth factor (RGF) peptides from Medicago truncatula not only regulate root development but also modulate nodulation symbiosis with Sinorhizobium meliloti. However, the impact of RGF peptides from one leguminous species on the others remains unclear. In this study, we investigate the effects of the RGF family peptide MtRGF6p from M. truncatula on nodulation symbiosis and root development in Lotus japonicus. The MtRGF6 gene is predominantly expressed in the root nodules of M. truncatula and shows low identity with RGF homologous genes from L. japonicus. The gene promoter is active in the primordia of root nodules and lateral roots, as well as in young nodules and roots, and the meristem, infection, and nitrogen-fixing regions of the mature nodule. Chemically synthesized MtRGF6p promoted primary root growth in M. truncatula but suppressed the growth of L. japonicus primary roots. The peptide negatively affected the initiation of nodule primordia, the formation of infection threads, and nodulation in both legumes, with a low dosage showing effects on L. japonicus compared to M. truncatula. These results suggest that the MtRGF6 peptide from M. truncatula may serve as an inter-species signal affecting the root organ development of L. japonicus.
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1  Introduction

The Root Meristem Growth Factor (RGF), first identified in Arabidopsis thaliana, plays a crucial role in regulating root development [1–4]. RGF is a unique family of small peptides that are typically 13 amino acids in length. These peptides are derived from precursor proteins that contain an N-terminal signal peptide, a variable region in the middle, and a C-terminal active peptide domain with conserved aspartate, tyrosine, and proline residues. The precursor proteins undergo various post-translational modifications such as tyrosine sulfation, proline hydroxylation, and protease cleavages to generate the active peptides [5]. Overexpression of AtRGF genes has been shown to enhance root elongation, while suppressing lateral root formation, resulting in wavy and agravitropic roots [1–4]. The AtRGF peptide binds to a LRR receptor kinase complex, leading to the modulation of downstream gene expression by controlling the gradient formation of PLETHORA (PLT), a key regulator of root development [6–8]. This signaling cascade involves a MAP kinase pathway (DA-MKK4/MKK5-MPK3/MPK6) that connects RGF receptors with PLT1/2 [9,10]. Reactive oxygen species (ROS) have also been implicated as a secondary signal upstream of PLTs [11]. While the signaling pathway of RGF in controlling root development has been extensively studied in A. thaliana, it remains unclear whether RGF peptides from on species can function in others.

In contrast to A. thaliana, leguminous plants such as soybean and alfalfa have the ability to form nitrogen-fixing nodules in symbiosis with rhizobia. The development of these symbiotic root nodules is regulated by nodulation factors (Nod factors) which are lipo-chito-oligosacchrides produced by rhizobia [12]. Nod factors are recognized by LysM receptor kinases such as MtLYK3/MtNFP (Nod Factor Perception) in Medicago truncatula and LjNRF1/LjNRF5 from Lotus japonicus, initiating a signaling cascade known as the Nod factor signaling pathway. This pathway involves key components such as SYMRK (Symbiosis Receptor-like Kinase), CCaMK (Ca2+/Calmodulin dependent Kinase), POLLUX, CASTOR, CYCLOPS, NSP1(Nodulation Signaling Pathway 1), NSP2 and NIN (Nodule Inception), essential for reprogramming of gene expression in response to symbiosis [13]. Furthermore, the autoregulation of nodulation pathway controls the number of nitrogen-fixing root nodules in legumes. This pathway includes CLE (CLAVATA3/EMBRYO SURROUNDINGR REGION) peptides (LjCLE-RS1/RS2 in L. japonicus and MtCLE12/MtCLE13 in M. truncatula) and their receptors (LjHAR1 and MtSUNN) [14–16]. Additionally, the CEP (C-TERMINALLY ENCODED PEPTIDE) family peptide CEP1 with its receptor CRA2 (Compact Root Architecture2) have been implicated in regulating this process in M. truncatula [17–19]. Other peptides such as PSKs (Phytosulfokine) [20–22], RALF1 (Rapid alkalinization factor 1), DVL1 (Devil 1) [23] have also been identified as regulators of symbiotic nodule development and rhizobial infections [24]. Symbiotic functions of RGF homologs were also studied in leguminous plants [25–27].

A genome-wide identification of peptides involved in M. truncatula nodulation revealed that S. meliloti induces the transcription of MtGLV1(Golven 1), MtGLV9, and MtGLV10 in M. truncatula [25]. 15 RGF family genes have been identified, with transcripts of 11 genes detected in different tissues [26]. Our previous study reported that the discovery of a novel RGF peptide, namely MtRGF3p and encoded by MtGLV9, which not only suppressed nodule formation and lateral root emergence but also promoted primary root growth [26]. Overexpression of MtRGF3 in M. truncatula roots consistently led to fewer nodules, while RNAi transgenic roots showed an increased number of nodules [26]. Li et al. found that treatment of M. truncatula seedlings with MtRGF3 peptide resulted in significant repression of key genes in the nodulation factor signaling pathway and activation of defense response-associated genes, as revealed by transcriptome analysis [27]. Additionally, Li et al. observed a notable accumulation of reactive oxygen species (ROS) in M. truncatula roots treated with MtRGF3p [27]. Therefore, MtRGF3p produced by M. truncatula acts as a negative regulator for nodulation symbiosis. The RGF peptide encoded by GLV10 was reported to control organogenesis of nodules and lateral roots in M. truncatula [28]. The question of whether one of RGF peptides from one legume species can function in other legumes remains unanswered. In this study, we investigated the effects of the RGF peptide, MtRGF6p from M. truncatula on the L. japonicus seedlings.

2  Materials and Methods

2.1 Preparation of Plant Materials

Medicago truncatula (A17) and Lotus japonicus (MG20) seedlings were cultivated in pots filled with sterilized artificial soil (vermiculite: perlite 3:1) for gene expression analysis of RGFs. A17 and MG20 seedlings were individually grown on Fahraeus medium (FM) and Broughton & Dilworth (BD) agar plates with or without NH4NO3 for peptide activity assays. These seedlings were inoculated with Sinorhizobium meliloti 1021 and Mesorhizobium loti MAFF303099, respectively, in FM and BD liquid medium containing 0.01, 0.1, or 1 μM of the MtRGF6 peptide. The plants were cultivated in a greenhouse environment at 23°C and with 16 h of light per day. To study the expression of MtRGF6 in A17 during the early symbiosis with S. meliloti, roots were collected at various time points post-inoculation, including 1, 3, 5, and 7 days. Additionally, tissues or organs such as roots, leaves, and stems from A17 seedlings grown for 2 weeks in the greenhouse were harvested. Nodules that developed for 3 weeks after rhizobia (2 * 106 cells) inoculation, pods and seeds, as well as young fruits collected at 16 days after pollination (DAP), and fully open flowers were also sampled for analysis.

2.2 RNA Extraction and qRT-PCR

Total RNA was isolated from plant tissues using the RNAprep pure Plant kit (Tiangen Biotech Co., Ltd., Beijing, China, DP437). The synthesis of first-strand cDNA and real-time PCR were carried out with the PrimeScript™ RT reagent kit, which included a gDNA Eraser and a SYBR Green qPCR master mix-SYBR Advantage (Takara, China, RR037Q). For gene expression analysis, qRT-PCR was conducted following the manufacturer’s instructions (Takara, China). House keeping genes such as MtACTIN [26] or LjATPase [20] were utilized, and the primer sequences are provided in Table S1. The expression data of nodulation signaling genes from L. japonicus were subjected to ANOVA analysis.

2.3 Activity Assays of the RGF Peptide

The Scilight-Peptide Company (Beijing, China) synthesized the peptides and dissolved them in sterile water. This peptide solution was then added to FM and BD medium and mixed before being poured into the plates. The assays utilized the following peptides: MtRGF6p, DY(SO3H)AAVKRKP(Hyp)IHN; Random, SHPKY(SO3H)(Hyp)KNSDIRA; MtRG6p unsulfated, DYAAVKRKP(Hyp)IHN; Y(SO3H), sulfated tyrosine; Hyp, hydroxylproline. The peptide of MtRGF3 was described as in the previous study [26]. Seed sterilization and germination of A17 and MG20 were performed following Liu et al. [29] and Wang et al. [20]. Germinated seeds were arranged on solid FM and BD plates with the appropriate peptide (one row per plate, 10 seedlings per row). S. meliloti 1021 and M. loti MAFF303099 were suspended in FM and BD solutions (OD600 = 0.05) and flood-inoculated onto roots. Each peptide (at concentrations of 0.01, 0.1, or 1 μM) was added to FM and BD medium for root phenotype assays of M. truncatula and L. japonicus seedling on plates. Plates with roots were wrapped in black paper bags and placed vertically in a 23°C incubator with 16 h of daylight for either one or three weeks for plant nodulation assays.

For infection thread and nodule primordium assays, seedlings grown on FM and BD solid medium supplemented with appropriate peptides were inoculated with S. meliloli 1021 and M. loti MAFF303099 carrying pXLGD4 (lacZ), respectively, and incubated for 5–7 days as described in previous literature [30]. For the plant nodulation assays, FM and BD medium was supplemented with 0.5 mM of aminoethoxyvinylglycine (AVG, Sigma). To study alternative root growth and development patterns, some seedlings were cultured on FM plates for 1–2 weeks without rhizobia inoculation, but containing peptides and 10 mM of NH4NO3. Data on root length, number of lateral roots, and root nodules were analyzed statistically using student t tests.

2.4 Hairy Root Transformation

The corresponding constructs were introduced into the Agrobacterium rhizogenes strain ARqua1. Hairy root transformation was conducted following the protocols described by Lei et al. [30] and Wang et al. [20], with transgenic roots being identified based on the expression of green fluorescent proteins. The promoter fragment of the MtRGF6 gene was amplified using high fidelity PCR (primer sequences are provided in Table S1), and then inserted the upstream GUS gene in the pBI121 vector, resulting in the creation of pMtRGF6pro:GUS. The number of root nodules were subjected to statistical analysis using student t tests.

2.5 Histochemical Staining

The X-gal staining protocol was carried out following the method described by Chen et al. [31] to visualize infection threads and nodule primordia. Subsequently, X-gluc staining was conducted to assess MtRGF6pro:GUS activity in transgenic roots, as outlined in previous studies [30]. The quantification of nodule primordia and infection threads were subjected to statistical analysis using student t tests.

2.6 Statistical Analysis

The student t tests were utilized for statistical analysis of data in most experiments, and ANOVA (Analysis of Variance) analysis was conducted for gene expression data.

3  Results

3.1 The MtRGF6 Gene Is Predominantly Expressed in M. truncatula Root Nodules

Fifteen members of the RGF family (MtRGF1-15) have been identified in M. truncatula [26]. Among them, MtRGF6 showed high expression levels in root nodules at 10, 14, and 28 dpi according to the MtGEA database [26]. The qRT-PCR analysis showed that the MtRGF6 gene exhibited predominant expression in root nodules, while showing lower levels in leaves, roots, seeds, and flowers of M. truncatula (Fig. 1A). The MtRGF6 promoter displayed significant activity in the primordia of lateral roots, young lateral roots, the meristem region of root, nodule primordia, young root nodules, and mature root nodules (Figs. 1B–1G). X-Gluc staining highlighted the highest promoter activity in the enlarged cells with nitrogen fixing zones of mature root nodules (after three weeks inoculation of Sm1021) (Fig. 1H). Based on these expression patterns, it can be inferred that the MtRGF6 gene may be involved in regulating the development of roots and root nodules.
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Figure 1: Expression of MtRGF6 in Medicago truncatula. (A) Expression levels of MtRGF6 in various organs of M. truncatula were assessed using quantitative real-time PCR. Three biological replicates were performed, and error bars represent ± SD. (B–F) Promoter activity of MtRGF6 in transgenic M. truncatula roots. The GUS activity was observed in a lateral root primordium (B), a young lateral root, a primary root tip (D), a nodule primordium (E), a young nodule (F), and a mature nodule (G and H). Scale bars range from 1 cm (B–E) to 100 μm (F). I, meristem region; II, infection zone; III, nitrogen fixation zone; S, symbiosome; V, vascular bundle of roots

A total of 7 RGF homologous genes were identified from various databases of L. japonicus, but no high-identity homologs of the MtRGF6 gene and the peptide were found through genomic DNA sequence analysis (Fig. S1). qRT-PCR assays revealed that six of these genes, with the exception of Lj0g3v0191919.1 were transcribed in different tissues. Among them, three genes (Lj6g3v1090130.1, Lj1g3v1222520.2 and Lj1g3v1222540.1) were predominantly expressed in flowers, while three genes (Lj0g3v0278599.2, Lj3g3v1474600.1 and Lj4g3v2775630.1) showed dominant expression in seeds (Fig. S2). Consequently, a gene with similar expression pattern to MtRGF6 was not identified in L. japonicus.

3.2 The MtRGF6 Peptide Has Distinct Effects on Root Development in M. truncatula and L. japonicus

It has been reported that the addition of the MtRGF3 peptide (MtRGF3p) externally promotes the growth of primary roots but suppresses lateral root emergence [3,4,26]. The primary root lengths of M. truncatula were significantly increased by the addition of 0.1 or 1 μM of the chemically synthesized MtRGF6 peptide (MtRGF6p) (Figs. 2A–2C), indicating that an appropriate concentration of MtRGF6p enhances primary root development of M. truncatula. Surprisingly, the inclusion of 0.01 or 0.1 μM of MtRGF6p reduced primary root lengths in L. japonicus seedlings (Figs. 2D–2F), suggesting that exogenous MtRGF6p restricts primary root growth in L. japonicus. Interestingly, the same concentrations of MtRGF3p also suppressed the primary root growth in L. japonicus (Fig. S3). These findings suggest that the RGF peptides produced by M. truncatula may promote primary root growth in their own species but suppress it in L. japonicus.
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Figure 2: Effects of MtRGF6p on M. truncatula and L. japonicus primary root growth. The effects of 1 μM MtRGF6p and the random peptide on primary root growth of M. truncatula (A17) (A–C) and L. japonicus (MG20) (D–F) seedlings were examined. Scale bars are 1 cm in size. Symbols: Mt–M. truncatula; Lj–L. japonicus; * –Significant differences were observed in t-tests with P < 0.05; ** –P < 0.01; N > 40. Error bars represent ± SE

The counting of lateral root density M. truncatula and L. japonicus after 14 days of treatment with MtRGF6p revealed that concentrations of 0.01 and 0.1μM led to a reduction in the density of lateral roots on the primary roots of both seedlings to a similar extent (Fig. 3). This indicates that MtRGF6p has a comparable suppression effect on the organogenesis of lateral roots in both M. truncatula and L. japonicus.
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Figure 3: Effects of MtRGF6p on M. truncatula and L. japonicus lateral root formation. The effects of 1 μM of MtRGF6p on lateral root formation of M. truncatula (A–C) and L. japonicus (D–F) seedlings were examined). Symbols: Mt–M. truncatula; Lj–L. japonicus; *Significant differences were observed in t tests with p < 0.05; **p < 0.01; N > 40. Error bars represent ±SE

3.3 MtRGF6p Has Distinct Effects on the Nodulation Symbiosis of M. truncatula and L. japonicus

Given that MtRGR3p suppresses rhizobial infection and symbiotic nodulation in M. truncatula [26], it is reasonable to assume that MtRGF6p may impact the nodulation symbiosis in both M. truncatula and L. japonicus with their respective rhizobia. Nodulation tests on agar plates revealed that treatment with 0.1 and 1 μM of MtRGF6p led to a 30% and 67% reduction in root nodule density in M. truncatula compared to the control peptide (Figs. 4A–4C). Similarly, treatment with 0.1 and 1 μM of MtRGF6p resulted in a 75% and 85% decrease in root nodule density in L. japonicus (Figs. 4D–4F). This suggests that MtRGF6p has a stronger inhibitory effect on nodulation in L. japonicus than in M. truncatula at the same concentrations. Furthermore, the unmodified peptide without the O3H group did not significantly affect nodulation suppression in either legume species (Fig. S4) indicating that the presence of a sulfate group alters peptide activity, with tyrosine being crucial. Interestingly, treatment with 0.01 or 0.1 μM of MtRGF3p did not have a significant impact on nodulation in L. japonicus (Fig. S5), suggesting that the suppression nodulation by MtRGF6p may be specific to L. japonicus.
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Figure 4: Effects of MtRGF6p on M. truncatula and L. japonicus root nodule formation. The effects of 1 μM MtRGF6p and the random peptide on root nodule formation of M. truncatula (A–C) and L. japonicus (D–F) seedlings were examined. Symbols: Mt–M. truncatula; Lj–L. japonicus; *Scale bars = 1 cm. Significant differences were observed in t tests with p < 0.05; **p < 0.01; N > 40. Error bars represent ±SE

The examination of infection events and nodule primordia revealed that a 70% reduction in infection threads and a 60% decrease in nodule primordia in M. truncatula seedlings after treatment with 1 μM of MtRGF6p (Figs. 5A–5C). Similarly, the addition of 0.1 μM of the peptide resulted in an 80% decrease in infection threads and nodule primordia in L. japonicus seedlings (Figs. 5D–5F). The findings indicate that MtRGF6p modulates early symbiosis events between legumes and rhizobia, with rhizobial infection and nodule initiation in L. japonicus being more sensitivity to MtRGF6p than in M. truncatula.
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Figure 5: Effects of MtRGF6p on the early symbiosis of M. truncatula and L. japonicus. The effects of 1 μM MtRGF6p on the formation of infection threads and infected nodule primordia of M. truncatula (A–C) and L. japonicus (D–F) seedlings were examined. Symbols: Mt–M. truncatula; Lj–L. japonicus; Red arrows, infection threads; *Significant differences were observed in t tests with p < 0.05; **p < 0.01; N > 40. Error bars represent ±SE

3.4 MtRGF6p Suppressed the Transcriptional Activation of Key Symbiosis-Signaling Genes in L. japonicus Induced by Rhizobia

Similar to MtRGF3 [26], MtRGF6p may suppress the symbiotic nodulation of L. japonicus by downregulating key genes involved in the nodulation factor signaling pathway. qRT-PCR was used to analyze the transcription levels of key nodulation signaling genes (SYMRK, NSP2, NIN, NRF5, NSP1, POLLUX, CCAMK, CASTOR, CYCLOPS and ENOD40-1) in L. japonicus seedlings to validate this possibility, showing that the expression of these genes in L. japonicus was mostly induced by M. loti (Fig. 6) as reported in literatures [32]. However, treatment with 0.1 μM MtRGF6p suppressed the activation of these genes (excluding LjENOD40) after inoculation with M. loti (Fig. 6). This result suggests that MtRGF6p may interfere nodulation signaling to reduce the formation of infection threads and nodule primordia.
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Figure 6: Expression levels of key genes in the nodulation factor signaling pathway in L. japonicus roots were analyzed by qRT-PCR analysis. Ml, M. loti-inoculated samples; H2O, the blank control; Ml/H2O representing the division of the data between the two. Samples treated with both MtRGF6 peptide and M. loti were denoted as RGF6 + Ml, while samples treated with Random peptide and M. loti simultaneously were labeled as Random + Ml. The ratio of RGF6 + Ml to Random+Ml was represented as RGF6 + Ml/Random + Ml, and the ratio of samples treated with MtRGF6 peptide to those treated with Random peptide was denoted as RGF6/Random. Three biological replicates were performed, with one representative shown. Each experiment involved treatment of >30 independent roots. The error bar represents ±SD. The ANOVA program was used for statistical evaluation

4  Discussion

While some peptide signals, such as CLE, PSK, and RGF, have been found to regulate the development of root organs in leguminous species like M. truncatula, it was previously unknown if these signals would have the same effect on other legume species. In this study, we demonstrate for the first time that the RGF peptides from M. truncatula impact the development of root organs (primary roots, lateral roots and root nodules) in another leguminous species, L. japonicus. Surprisingly, both MtRGF6p and MtRGF3p suppress the growth of primary roots in L. japonicus, while promoting growth in M. truncatula (Fig. 2 and Fig. S3). This finding suggests that these peptides play a crucial role in inter-species interactions among legumes. MtRGF6p suppresses the emergence of lateral roots of two leguminous model plants (Fig. 3), while also functioning as a negative regulator of nodulation symbiosis on these plants (Figs. 4 and 5). Interestingly, a lower concentration of MtRGF6p was sufficient to suppress nodulation in L. japonicus compared to M. truncatula (Figs. 4 and 5), suggesting that L. japonicus is more sensitive to the peptide. Overall, our results demonstrate that the RGF peptide can modulate the development of root organs in L. japonicus, supporting the idea that it serves as a signal for inter-species interactions among legumes. The expression pattern of MtRGF6 suggests that the encoded peptide may not only regulate the differentiation of meristem cells to affect the development of root organs, but also may be involved in functions related to housing rhizobia in symbiosome. In contrast to MtRGF6, MtRGF3 is predominantly expressed in leaves, with its transcription being induced in roots through rhizobial inoculation or Nod factor treatment [25].

In some plant species, the functions of the RGF peptides are redundant, as the RGF genes form a multi-gene family in A. thaliana, M. truncatula, L. japonucus, and other plants [33]. This redundancy makes it challenging to distinguish the phenotypes of single gene mutants genetically, and overexpression lines only show minor defects in growth and development, such as the nodulation phenotype observed in MtRGF3 [26] and MtRGF6 (Fig. S6). One possible explanation for this is the high background levels of RGF peptides in a plant organ, where multiple RGF genes are redundantly expressed, including constitutive and inducible expression. Consequently, mutations and overexpression of a single RGF gene may not significantly alter the level of RGF peptides in a plant organ. Another explanation could be the restriction of RGF peptide maturation in the overexpression line, as certain processing enzymes may be specifically expressed in certain organs or cells.

The RGF peptides are recognized by the kinase receptors, RGFRs, which form a multi-gene family and interact with MAP kinases and ROS to modulate the activity of the transcriptional factors, PLT1/PLT2, controlling root development in A. thaliana [6–8,34]. Through analysis of genomic DNA, transcriptomic (such as RGFRs, MAP kinases and PLTs) and physiological data (such as ROS), it is suggested that M. truncatula and L. japonicus share these signaling elements with A. thaliana [9–11]. Therefore, the mechanism by which RGF peptides regulate root development, including primary roots and lateral roots in both model legumes (Fig. 2), may be conserved compared to A. thaliana., although further studies are required to confirm this. MtRGF6 and MtRGF3 peptides have opposing effects on primary root development in M. truncatula and L. japonicus, which may be due to differences in their recognition receptors/co-receptors, and downstream elements such as Ca2+, ROS and transcriptional factors. Further research is needed to validate this hypothesis. The process of leguminous root nodule development involves nodule initiation and rhizobium infection [13]. The signaling pathway of RGF peptides regulating nodule development may be derived from roots, as the nodule primordium differentiates from cortical meristem cells, similar to lateral root primordia. The formation of infection threads is regulated by leguminous immune responses, with ROS dynamics modulated by RGF peptides potentially contributing to plant immunity [11,27]. The initiation of nodules and rhizobial infection are influenced by Nod factor signal transduction, which is suppressed by MtRGF6p (Figs. 4–6), as well as MtRGF3p [26]. This conclusion is supported by the expression data of the Nod factor signaling pathway genes (Fig. 6) [27]. Furthermore, the difference in nodulation symbiosis sensitivity to MtRGF6p between M. truncatula and L. japonicus may be linked to the distinct locations of nodule initiation (root endodermis and pericycle for M. truncatula, but root exodermis for L. japonicus). Investigating how the RGF signaling pathway interacts with Nod factor signal transduction is a crucial area for future research.

5  Conclusion

This study shows that the peptide of MtRGF6, along with MtRGF3p is shown to initially suppress primary root growth in L. japonicus but enhance it in M. truncatula. While the development of lateral roots is uniformly suppressed in both model legumes, the impact on nodulation symbiosis varies, with MtRGF6p selectively dampening the activation of the nodulation signaling pathway. This suggests that RGF peptides could serve as an inter-species signal to modulate plant growth and development.
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