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Abstract

:

In legumes, a LysM-RLK perception of rhizobial lipo-chitooligosaccharides (LCOs) known as Nod factors (NFs), triggers a signaling pathway related to the onset of symbiosis development. On the other hand, activation of LysM-RLKs upon recognition of chitin-derived short-chitooligosaccharides initiates defense responses. In this work, we identified the members of the LysM-RLK family in cultivated (Arachis hypogaea L.) and wild (A. duranensis and A. ipaensis) peanut genomes, and reconstructed the evolutionary history of the family. Phylogenetic analyses allowed the building of a framework to reinterpret the functional data reported on peanut LysM-RLKs. In addition, the potential involvement of two identified proteins in NF perception and immunity was assessed by gene expression analyses. Results indicated that peanut LysM-RLK is a highly diverse family. Digital expression analyses indicated that some A. hypogaea LysM-RLK receptors were upregulated during the early and late stages of symbiosis. In addition, expression profiles of selected LysM-RLKs proteins suggest participation in the receptor network mediating NF and/or chitosan perception. The analyses of LysM-RLK in the non-model legume peanut can contribute to gaining insight into the molecular basis of legume–microbe interactions and to the understanding of the evolutionary history of this gene family within the Fabaceae.
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1. Introduction


Plants are continuously subjected to multiple transient or persistent interactions with microbes. These interactions can produce a broad spectrum of outcomes for the host, ranging from beneficial to detrimental [1,2]. Legumes (plants of the Fabaceae family) are well known for their almost exclusive ability to form a mutualistic symbiosis with nitrogen-fixing bacteria known as rhizobia. In this symbiotic association, the rhizobia fix atmospheric nitrogen that is transferred to the host plant in exchange for carbohydrates and a stable environment. Besides this beneficial association, legumes, like all plants, must also actively defend against pathogenic microorganisms. Moreover, plants can simultaneously interact with pathogenic and mutualistic microorganisms [3]. Therefore, adequate microbial recognition and elicitation of a proper response are crucial for plant fitness.



Plant recognition of microbes is based on the detection of molecular signals produced by the microorganisms, or specific patterns associated with their cell structure. Interestingly, in the case of rhizobia and pathogenic fungi, detection involves the sensing of structurally related n-acetylglucosamine-containing molecules [4]. Rhizobia produce signal molecules known as Nod factors (NFs), which are lipo-chitooligosaccharides made up of four or five β-1-4-linked n-acetylglucosamine subunits, with an acyl chain of varying length at the C2 position of the non-reducing terminal residue and different species-specific substitutions at the reducing and non-reducing terminal residues [5]. On the other hand, phytopathogenic fungi are identified by plants through the perception of chitin-derived short-chain chitooligosaccharides (COs) [6]. However, even when NFs and COs are structurally related, there are apparent differences in the responses triggered after perception [6]. Legume recognition of rhizobial NFs triggers a signaling pathway that initiates genetic programs leading to rhizobial infection and nodule primordia formation. In contrast, COs with more than six subunits have been traditionally recognized as general elicitors of plant defense responses [7,8]. Additionally, chitosan (a deacetylated chitin derivative) has been described as an elicitor of plant defenses [9].



NFs and COs are perceived by plant receptors belonging to the Lysin motifs receptor-like kinases (LysM-RLKs) family [4,10]. LysM-RLKs are proteins consisting of three regions: one extracellular region with three LysM domains, one transmembrane region, and one highly conserved intracellular kinase domain. Ligand perception and signal transduction by LysM-RLKs in legumes constitutes a highly active and dynamic research area. Recent works suggest that ligand perception and downstream responses triggered by LysM-RLKs depend on combinatorial and/or sequential quantitative perception of diverse signaling molecules by spatio-temporally regulated networks of receptor/co-receptor complexes [2,3]. Considering that the LysM-RLK family is highly diverse and includes many family members in legumes (e.g., 18 in Lotus, 22 in Medicago), the number of combinations that could potentially be formed is vast. In addition, receptor activity is modulated by ligand binding and by a diverse variety of interactors [5], adding another layer of complexity to molecule perception. In this highly dynamic and complex scenario, a better characterization of the LysM-RLK family is required in order to understand the diverse roles of its members. However, identification of LysM-RLKs and their biological function in legumes has been mainly restricted to model species displaying similar infection mechanisms and nodule morphogenetic programs. Extending the studies to non-model species showing different infection mechanisms and nodule morphogenetic programs is required to unravel the biological function of its members and to clarify the evolution of the LysM-RLK family in legumes.



Peanut is an important oil and food legume crop worldwide, grown mainly in tropical and subtropical areas. The cultivated peanut A. hypogaea L., is an allotetraploid (2n = 4x = 40, AABB genome type; approximately 2.8 Gb, with a high repetitive DNA content) probably derived from a single hybridization event of two wild diploid species (2n = 2x = 20), A. duranensis (A genome) and A. ipaensis (B genome), followed by chromosome doubling [11,12]. Several lines of evidence indicate that the polyploidization event has occurred relatively recently (about 3.5 million years ago), and that genome changes in the polyploid peanut have been limited since then. Peanut-rhizobia symbiosis represents an interesting system for studying the evolution of symbiosis within the Fabaceae, due to the basal phylogenetic position of this species within the subfamily Papilionoideae, its particular infection mechanism, and its primitive aeschynomenoid nodule morphogenetic program [13]. Recently, the genomic sequence of cultivated peanut [14,15] and its diploid ancestors [16] were obtained, opening up the possibility of reaching a deep understanding of the molecular mechanisms governing the symbiotic program in this legume species. Since then, transcriptome analyses of nodulation have been performed [17,18], and the role of different molecules in the symbiotic signaling pathway has been proposed [19]. However, despite limited exceptions [13], there are no studies dealing with the identification of LysM-RLKs in this legume species. The aim of this work was to identify the members of the LysM-RLK family in cultivated (A. hypogaea L.) and wild (A. duranensis and A. ipaensis) peanut genomes, and to reconstruct the evolutionary history of the family. This phylogenetic framework allowed reinterpretation of the functional data reported for peanut LysM-RLKs. Finally, the potential participation of two peanut LysM-RLK in the receptor networks mediating NF and chitosan inoculation was assessed by gene expression analyses.




2. Materials and Methods


2.1. Identifying LysM-RLKs in Cultivated and Wild Peanut Genomes


Firstly, a search using the keyword “LysM” was conducted in PeanutBase “https://www.peanutbase.org/home” (accessed on 9 June 2022), which included A. duranensis, A. ipaensis, and A. hypogaea whole genomes [14,16]. Afterward, in order to retrieve unannotated or mis-annotated sequences, BlastP and tBlastN “https://peanutbase.org/pb_sequenceserver” (accessed on 9 June 2022) searches were performed by using the amino acid sequences of L. japonicus and M. truncatula’s LysM-RLKs as queries for the second step. The significant hits were further inspected for typical structural features of LysM-RLKs. Domain structure was analyzed using Pfam “http://pfam.xfam.org” (accessed on 9 May 2022) and Inter-ProScan “https://www.ebi.ac.uk/interpro/search/sequence/” (accessed on 9 June 2022) [20,21], and by an additional visual inspection of the alignments. To trace the three LysM domains within the sequences, typical CXC motifs located between LysM1-LysM2 and LysM2-LysM3 domains were identified. A conserved proline residue at the end of the third LysM domain indicated the end of the LysM domains [22]. Signal peptide and transmembrane domains were predicted, using SignalP “https://services.healthtech.dtu.dk/service.php?SignalP” (accessed on 9 June 2022) and TMHMM server v. 2.0 “https://dtu.biolib.com/DeepTMHMM” (accessed on 9 June 2022), respectively. Also, according to the domain organization, protein kinase domains were determined.



Afterward, a manual correction of gene structure predictions and annotations was performed according to [23].




2.2. Chromosomal Location of LysM-RLK Genes and the Synteny Analysis


The positional information of all identified LysM-RLK genes in wild and cultivated peanut was obtained from the corresponding reference genomes, and mapped to their chromosomal locations using Circos for comparison “http://circos.ca/” (accessed on 9 May 2022).



Gene duplication analysis was performed by multiple alignment of the peanut LysM-RLKs. Genes were considered duplicated according to the following criteria: similarity of the coding nucleotide sequences > 80% and identity between the sequences > 80%. Tandem-duplicated pairs were only considered when genes within a 200 kb genomic region belonged to the same phylogenetic group.




2.3. Digital Expression Analysis of LysM-RLK Genes


To assess the expression of LysM-RLKs genes in A. hypogaea within the progress of symbiosis, data were retrieved from peanut RNA-seq datasets (accession number GSE98997) [18]. Reported FPKM values of LysM-RLK genes in peanut plants were screened, and normalized count data were used to calculate the expression levels (log2FC) of each LysM-RLK gene at 1, 4, 8, 12 and 21 dpi. A heatmap was generated with the pheatmap R package.




2.4. Sequence Alignments and Phylogenetic Analyses


For all data sets, alignments of the predicted protein sequences were performed with the GUIDANCE algorithm [24], available at “http://guidance.tau.ac.il/” (accessed on 9 May 2022) with the MAFFT option and the following parameters: maxiterate = 1000, retree = 1, genafpair = true.



Phylogenies were inferred with a maximum likelihood (ML) approach using PhyML 3.0 [25], available at “http://www.atgc-montpellier.fr/”(accessed on 9 May 2022), and the substitution model that best fit the data was selected using smart model selection [26]. Branch confidence was evaluated using bootstrap analysis with 100 replicates. Finally, the tree was drawn with Itol v3 [27], available at “https://itol.embl.de/” (accessed on 9 May 2022).



Amino acid sequences of LysM-RLKs from Arabidopsis thaliana, L. japonicus, M. truncatula, Prunus persica, Brassica rapa and Solanum lycopersicum were retrieved from [23].




2.5. Ka/Ks Analysis


For the non-synonymous substitutions (Ka) and the synonymous substitutions (Ks) calculation, the LysM-RLKs gene pairs between cultivated peanut genome and the corresponding ancestor genome were identified and were aligned using the ParaAT [28], available at “http://cbb.big.ac.cn/software” (accessed on 9 May 2022) with multiple sequence aligner Muscle [29], following the instruction of the program. To create the input files for ParaAT, CDS and the amino acid sequences of the LysM-RLKs genes were retrieved, and the ortholog information of these genes was organized. Ka/Ks_Calculator [30], available at “http://evolution.genomics.org.cn/software.htm” (accessed on 9 May 2022) was then used to calculate the Ka and Ks numbers of each gene pair, using the model-averaging method (MA).




2.6. Plant Inoculation Assays


A. hypogaea L. (var. Runner cultivar Granoleico) seeds were surface sterilized and germinated. Peanut plants were inoculated with signaling molecules known for triggering rhizobial symbiosis (NFs from compatible rhizobia) or defense (chitosan, a deacetylated molecule derived from chitin).



For inoculation treatment, NFs from Bradyrhizobium SEMIA 6144 (peanut microsymbiont) were obtained, following the methodology proposed by [31]. Seven-day-old seedlings were inoculated by root immersion in 100 mL of an aqueous solution containing NFs (10−6 mol L−1) for 10 min. Afterward, the seedlings were placed in pots containing sterilized vermiculite located in growth chambers, under controlled conditions (light intensity of 200 mmol m−2 s−1, 16 h day/8 h night cycle). For chitosan inoculation, the same inoculation procedure was employed, using low molecular weight chitosan (Sigma, deacetylation ≥ 75%) 50 mg L−1 dissolved in acetic acid 0.1 M, pH: 6.8–7. The concentration of 50 mg L−1 chitosan was selected, since it had been previously demonstrated to elicit defense responses in peanut (results not shown). Control roots were similarly treated with sterile water or acetic acid 0.1 M.




2.7. RNA Extraction and Expression Analysis


Plants were harvested at 1, 8, 16, 24, and 72 h post inoculation (hpi) with the elicitor molecules. RNA from roots was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s protocol. Each RNA sample was prepared from 2 replicates of 3 plants each, which were pooled to reduce noise arising from biological variations. RNA concentration was then measured using a NanoDrop spectrophotometer, and RNA integrity was determined by visualization in agarose gel. cDNA was synthesized from 1 μg of total RNA using the AccuScript Hi-Fi RT (Agilent, Santa Clara, CA, USA), as described by the manufacturer. The quantitative reverse-transcriptase polymerase chain reaction (qPCR) assays were performed using Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA), according to the manufacturer’s instructions. Sequences of primers used for qPCR amplification were designed according to Ahy.YTK8KP and Ahy.IM7I4N sequences, and were synthesized by the Genbiotech company (Table S1). The primer efficiency in the PCR reactions was determined by linear regression analysis of 10-fold dilutions of a pool of cDNA samples, and denoted with a correlation coefficient (R2). Reactions were performed in a real-time thermocycler (Stratagene MX3000P; Agilent, Santa Clara, CA, USA) with settings of 95 °C for 3 min, and 40 cycles of 95 °C, 20 s and then 60 °C for 20 s. Results obtained from different treatments were standardized to the Actin mRNA level. Relative expression levels were calculated using the 2−ΔΔCt method [32].




2.8. Statistical Analysis


Data were subjected to analysis of variance (ANOVA). Statistical significance was determined by the LSD-Fisher test at p ≤ 0.05, using Infostat software (1.0, FCA, UNC, Argentina). Graph elaboration was performed by Prism-GraphPad version 9.2.0.





3. Results


3.1. Identification of LysM-RLKs in Reference Genomes of A. hypogaea, A. duranensis, and A. ipaensis


A two-step strategy search was performed against the PeanutBase database. A total number of 35, 19 and 19 gene models were annotated as LysM-RLKs according to the keyword “LysM” search in the genomes of A. hypogaea, A. duranensis, and A. ipaensis, respectively. Through BlastP and tBlastN searches using L. japonicus and M. truncatula LysM-RLKs as queries, six additional LysM-RLKs were identified. All the gene models found were then further confirmed by inspecting typical structural features of LysM-RLKs (the presence of 3 LysM domains in the extracellular region separated by CXC motifs, a transmembrane domain, and an intracellular region displaying homology with Serine/Threonine kinases). By using this strategy, a final number of 38, 20, and 21 LysM-RLKs were identified in the genomes of A. hypogaea, A. duranensis, and A. ipaensis, respectively (Table S2). Six of the total peanut sequences found were not annotated or were misannotated (see footnotes of Table S2 for details).




3.2. Phylogenetic Reconstruction of the LysM-RLK Family


In the evolutionary history of the LysM-RLK family, two well-supported groups are evident. The first group, called LYK [33], includes receptors with an active kinase domain [34,35,36,37]. The second group, called LYR [38], contains members lacking kinase activity (the loss of the glycine-rich loop and the “DFG” motif at the start of the activation loop) in the intracellular region, due to aberrations in the domain sequence [36,38].



In this work, we inferred phylogenies for LYKs and LYRs, including wild and cultivated peanut sequences and well-characterized LysM-RLKs from A. thaliana, L. japonicus, M. truncatula, P. persica, B. rapa and S. lycopersicum (species for which functional data is available). In LYK phylogeny, three sub-groups, LYKI, LYKII, and LYKIII (following the nomenclature proposed by [23] were observed (Figure 1). Of the total peanut LysM identified, 17 out of 38 from the genome of A. hypogaea, 8 out of 20 from A. duranensis, and 9 out of 21 from A. ipaensis belonged to the LYK group. All major LYK clades included copies from A. hypogaea, A. duranensis, and A. ipaensis. Similarly, in LYR phylogeny (Figure 2) well-supported clades were classified as LYRI (including LYRIA and LYRIB), LYRII (containing LYRIIA and LYRIIB), LYRIII (including LYRIII A, LYRIIIB and LYRIIIC) and LYRIV. Of the total peanut LysM identified, 21 out of the 38 from A. hypogaea, 12 out of 20 from A. duranensis, and 12 out of 21 from A. ipaensis belonged to the LYR group. All major LYR clades included copies from A. hypogaea, A. duranensis, and A. ipaensis.




3.3. Ka/Ks Analysis of LysM-RLK Genes


Out of the 38 LysM-RLK genes located on the cultivated peanut genome, 29 of them had their orthologs identified on their corresponding ancestor genome. Thus, a total of 29 pairs of the LysM-RLK orthologs between the tetraploid cultivated peanut genome and the wild ancestor peanut genomes were subjected to Ka/Ks calculation. Of these 29 pairs of orthologs, 8 pairs had no ratio calculated (Figure 3), due to their identical amino acid sequences between the copies in the pair. The remaining 21 pairs showed a Ka/Ks ratio that ranged from 0.001 to 1.7. Among these, only 2 pairs (located on chromosomes 4 and 5) had a Ka/Ks ratio above 1, indicating a positive selection, since the cultivated peanut was evolved. The remaining 19 pairs of LysM-RLK orthologs showed a Ka/Ks ratio below 1, suggesting that these genes were under negative selection.




3.4. Chromosomal Location and Synteny Analysis of Peanut LysM-RLK Genes


LysM-RLKs genes identified in A. duranensis were distributed on eight out of ten chromosomes, two genes each on ChrA01 and ChrA03, three genes each on ChrA05 and ChrA06, four genes each on ChrA04 and ChrA07. Two chromosomes (ChrA08 and ChrA09) contain only one gene. Some LysM-RLK genes located on ChrA06 and ChrA07 showed tandem duplication (Figure 4). Comparatively, the LysM-RLK genes identified in A. ipaensis, were distributed on seven out of ten chromosomes, three genes each on ChrB01 and ChrB05, two genes each on ChrB03 and ChrB06, four genes on ChrB04, six genes on ChrB07, and only one gene on ChrB09. Interestingly, some genes located on ChrB07 also showed tandem duplication, along with some other genes located on ChrB04. In addition, one LysM-RLK gene appears to have suffered segmental duplication in ChrB01 and ChrB07.



LysM-RLK genes in A. hypogaea were distributed on 14 out of 20 chromosomes. Among the 38 LysM-RLK genes, 17 and 19 have their orthologous gene from the A and B genomes, respectively. This result is consistent with their distribution on the A and B subgenomes. Interestingly, one gene located on Chr14 showed tandem duplication as with on A. ipaensis ChrB04.



To comprehensively clarify the mutual relationships of LysM-RLK genes in the A and B genomes of the Arachis species, the chromosomal location of LysM-RLK genes from A. duranensis (A genome) and A. ipaensis (B genome) was compared with that of A. hypogaea (Table S3). Of the 38 A. hypogaea LysM-RLK genes, 17 were located in the A genome, and the remaining were located in the B genome (Figure 4).




3.5. Temporal Expression Analysis of LysM-RLKs Genes in Peanut–Bradyrhizobia Interaction


By using the dataset generated by Karmakar et al. (2019), we analyzed the temporal expression pattern of peanut LysM-RLKs throughout the symbiosis process. Of the 38 A. hypogaea LysM-RLK genes, 31 were detected to express at certain points of the symbiosis development. On the other hand, no expression was detected for 7 LysM-RLK genes. Temporal expression analysis indicated that the 31 genes were transcriptionally up- or down-regulated at different stages of symbiosis, ranging from recognition (1 dpi) to mature nodule (21 dpi). Based on this analysis, 6 groups were formed (A–F, Figure 5).




3.6. Expression Analysis of Peanut Receptors


To investigate the role of LysM-RLK receptors in A. hypogaea, two genes were selected for expression analysis, Ahy.IM7I4N (belonging to phylogenetic group LYKI) and Ahy.YTK8KP (phylogenetic group LYRIIIC). Selection of these genes was based on the presence of specific residues in protein sequences (Tyr-128, Ser-206 and/or Tyr-228), which had been shown to be crucial for the perception of structurally-related N-acetylglucosamine-containing molecules [39,40]. Firstly, we selected Ahy.IM47N (which includes Tyr-128 and Ser-206 conserved residues), due to its localization in a poorly characterized clade, LYK I, that also contains receptors involved in responses to Fungi, Bacteria and Mycorrhiza or their associated molecules [33,41,42,43]. Interestingly, the closest NFR1 ortholog of peanut (Ahy.IVY8DS) is located in the same clade, but was not selected for relative expression analysis, since CRISPR/Cas9 mutants with editing in the AhNFR1 gene could still form nodules after rhizobial inoculation [44]. Secondly, Ahy.YTK8KP (which is located in the LYRIIIC clade and includes Tyr-128, 228 and Ser-206 conserved residues), was selected for expression analyses. This clade includes receptors involved in the perception of Fungi and Rhizobia or their associated molecules [22,41,42].



For each gene, the relative expression level was measured by qPCR at five different hpi with rhizobial NFs and chitosan. For Ahy.IM7I4N, NFs inoculation significantly increased its expression levels at 1, 8, 16 and 24 hpi (Figure 6A), reaching maximum levels at 1 hpi. Similarly, in plants inoculated with chitosan, the Ahy.IM7I4N expression level was significantly increased at 1 hpi, although at lower levels than those with NF inoculation.



On the other hand, the expression levels of Ahy.YTK8KP were significantly increased at 1 and 8 hpi after NFs treatment (Figure 6B). In contrast, transcript levels of Ahy.YTK8KP were not significantly induced after chitosan treatment.





4. Discussion


4.1. Phylogenetic Reconstruction of the Peanut LysM-RLK Family and Digital Gene Expression Analysis


Plants are constantly exposed to a large number of signals from surrounding microorganisms. In particular, legumes can establish mutualistic interactions with nitrogen-fixing bacteria. Therefore, legumes must recognize the compatible symbionts, and activate a complex symbiotic program but, at the same time, defend themselves against the invasion of bacterial and fungal pathogens [45,46]. LysM-RLKs are involved in the detection of both symbiotic and pathogenic organisms [4,10,47,48,49]. These receptors recognize a wide variety of ligands, including NFs and chitin derivatives, and trigger the appropriate signaling pathway leading either to defense or to symbiosis development.



To identify peanut LysM-RLKs sequences, a two-step search was conducted against A. hypogaea, A. duranensis, and A. ipaensis genomes. This strategy allowed us to perform a complete scan of the LysM-RLK receptor sequences in the cultivated and wild peanut genomes. Results indicated that peanut LysM-RLKs constituted a large family, including 38 members in cultivated peanut, 20 in A. duranensis and 21 in A. ipaensis. Similarly, a high number of LysM-RLK receptors were observed in model legumes such as M. truncatula (22) [50] and L. japonicus (18) [23]. In contrast, in non-legumes, the number is relatively low (i.e., five in A. thaliana and 10 in rice) [50]. The high number of peanut LysM-RLKs is congruent with the well-known rapid evolution and expansionary dynamics of this family. It has been suggested that diversification of this receptor family has contributed to the machinery that allowed the origin and evolution of nitrogen-fixing symbiosis in legumes [51]. All the identified LysM-RLKs were further divided into two main groups: LYKs (displaying an active kinase domain) and LYRs (harboring an inactive kinase domain). In this work, phylogenetic trees for LYKs and LYRs were inferred. These analyses represent a framework allowing reinterpretation of the functional data existing for peanut RLKs.




4.2. LysM-RLK LYK Group


The phylogenetic tree constructed with peanut LYKs and sequences from other species were consistent with previous works [23]. LYKs can be further divided into three subclades, named LYKI, LYKII, and LYKIII. The LYKI group is highly diverse, and contains many members. Some members show dual functionality (MtLYK9 and LjLYS6/LjCERK1) [23], participating in the perception and activation of signaling pathways in response to both mycorrhizal fungi and fungal pathogens [42,43]. On the other hand, some members of this group are well-characterized NFs receptors (MtLYK3, LjNFR1) [33,41,52]. In the peanut, the closest ortholog of LjNFR1 is Ahy.IVY8DS. This gene was shown to be upregulated at 16 hpi in nodulating peanut lines inoculated with the microsymbiont. However, [44] showed that mutants in this gene could still form nodules after rhizobial inoculation, suggesting that AhNFR1 may not be required for nodule formation.



Other genes coding for peanut LysM-RLKs found within the LYKI group (Ahy.MX792F, Ahy.SA9NCH) were reported to be upregulated during the peanut–bradyrhizobia interaction at 2 hpi. In addition, Ahy.63XNPZ was upregulated at 16 hpi [44]. Similarly, Ahy.RPPZ03 and Ahy.K2D2HU were reported to be upregulated at 21 dpi (when nodules are mature and functional) [18]. It has been proposed that a continuous crosstalk between bacteria and host is required, even in mature nodules [53,54,55]. Therefore, these receptors’ activity could be related to monitoring signals during nodule maintenance or immune modulation at late stages of symbiosis.



The members of the LYKII group are less characterized than those in LYKI [23]. The only well-characterized member in this clade is LjEPR3/LjLYS3, responsible for the perception of compatible exopolysaccharides during the rhizobial symbiosis establishment in Lotus [56,57]. Peanut orthologs of LjEPR3 are represented by Ahy.6V1TUE from subgenome A and Ahy.7J5ZWH subgenome B. Both genes were upregulated at 8, 12, and 21 dpi [18], suggesting their participation in signal monitoring through the different stages of nodule formation.



Within the LysM-RLK LYKIII subgroup, the LjLYS4 receptor is involved in the interaction of the legume with its microsymbiont [41]. On the other hand, the AtLYK3 receptor was required for the repression of the Arabidopsis innate immunity in response to NFs [58]. More recently, AtLYK3 was also found to participate in the negative regulation of plant immunity in response to bacterial and fungal pathogens in Arabidopsis [59]. There are three peanut members of the LysM-RLK LYKIII subgroup, one from each of A. hypogaea, A. duranensis, and A. ipaensis. However, there is no functional data regarding these receptors, and they were not reported as differentially expressed during peanut–rhizobia symbiosis or fungal defense, which further indicated that they may not be involved in the response to microorganisms.




4.3. LysM-RLK LYR Group


Major groups of LYRs observed are congruent with those described by [23]. LYRs can be subdivided into four major groups, LYRI, LYRII, LYRIII, and LYRIV. The LYRI subgroup can be further subdivided into groups A and B, each including representatives of the parental diploids and cultivated peanuts. The LYRIA subgroup includes receptors involved in mycorrhization (MtLYR1 and LjLYR11, possibly in a redundant role with MtNFP and LjNFR5) [60,61,62] and rhizobial symbiosis (MtNFP and LjNFR5) [38,61]. We found two NFR5 orthologs in the peanut genome, Ahy.VID2UW (A subgenome) and Ahy.A8RCAK (B subgenome). Ahy.A8RCAK is upregulated in peanut–bradyrhizobia association at 5 [17] and 4, 8, and 12 dpi [18], while Ahy.VID2UW is upregulated at 8 dpi [18]. In addition, [44] demonstrated that when both AhNFR5 A (Ahy.VID2UW) and B (Ahy.A8RCAK) were mutated in transgenic hairy roots, no nodules were formed. Altogether, these data indicate that genes belonging to the phylogenetic group LYRIA play critical roles in root endosymbiosis. On the other hand, receptors included in the LYRIB subgroup have not yet been assigned a role in the interaction with microorganisms or their eliciting molecules.



The LYRII group was also subdivided into the A and B subgroups. L. japonicus LYS15 (LYRII B) and LYS16 (LYRII A) were reported to be upregulated during interaction with rhizobia or in response to NFs inoculation [41]. However, peanut receptors found in these subgroups were not differentially expressed in the interaction with the microsymbiont.



The LysM-RLK LYRIII group is characterized by a high occurrence of duplications [23] with the largest number of peanut LysM-RLK receptors. This group could be subdivided into subgroups A, B, and C. The LYRIIIA group MtLYR3 receptor has been determined to have an affinity for LCOs, and could recognize NFs and Myc factors during the establishment of symbiotic relationships in M. truncatula [8,49]. Likewise, it has been demonstrated that LjLYS12 participates in the interaction with rhizobia, and activates the defense response against oomycetes [41,63]. In the peanut, Ahy.SB83SA receptor has been reported to be induced in plants inoculated with the symbiont at early infection steps (1, 4, and 8 dpi) [18].



Regarding the LYRIIIB subgroup, there is no information related to the functional characterization of its members. The LYRIIIC group contained one of the best characterized LysM-RLK receptors in legumes, the MtLYR4 from Medicago. Several studies have shown its participation in the perception of long-chain COs [64]) and in resistance to fungal pathogens [42]. Similarly, LjLYS13 and LjLYS14 were reported as upregulated in response to inoculation with rhizobia and chitin [41]. Expression analysis of the Ahy.YTK8KP gene, performed in this work, showed an increased expression level in NF treatment, suggesting its participation in rhizobial signaling perception.



The LYRIV subgroup contained poorly characterized members in legumes. A single study reported an increase in expression levels of the LjLYS20 receptor after chitin treatment, which suggests its participation in the immune response against fungal pathogens [41].




4.4. Temporal Expression Analysis of A. hypogaea LysM-RLK Receptors within the Progress of Symbiosis


Out of the 31 AhLysM-RLKs, only 17 genes (groups A, B, and C) showed high expression levels within the progress of symbiosis. In contrast, low expression levels were detected in the genes located in groups D, E, and F. Genes in group A (Ahy.4DP4Q6, Ahy.SB835A, Ahy.J7RHJF, and Ahy.8KV2S6) were positively regulated in almost all the time points evaluated. Among the five time points evaluated, 8 and 12 dpi displayed the highest gene number with high transcript levels.



At 1 (recognition and invasion) and 4 dpi (primordia formation), expression levels of Ahy.4DP4Q6, Ahy.J7RHJF and Ahy.SB835A were high, compared with the other AhLysM-RLKs. Intriguingly, all these genes are grouped in the LYR clade. It has been proposed that members of the phylogenetic subgroup LYRIII are involved in defense mechanisms, and, in legumes, they can bind to LCOs with high affinity [41,63]. Digital expression analysis suggests that Ahy.J7RHJF, and Ahy.SB835A could play a role in the first steps of rhizobial infection of peanut roots. However, further studies are required to confirm this observation.



At 8 dpi (nodule-like structure) and 12 dpi (immature nodules with rod-shaped rhizobia), a diverse group of peanut LysM-RLK genes with high transcription levels was detected, including orthologs of LjEPR3 (Ahy.6V1TUE, Ahy.7J5ZWH) and LjNFR5 (Ahy.A8RCAK). These genes have been shown to be implicated in the recognition of bacterial EPS, NFs, and colonization by rhizobia in Lotus [41,56,57,65]. Moreover, at 21 dpi (mature nodules with spherical symbiosomes) Ahy.7J5ZWH (EPR3), Ahy.RPPZ03, Ahy.K2D2HU, and Ahy.J7RHJF showed high transcript levels. Our analysis suggests that EPR3 expression levels at 8, 12, and 21 dpi are possibly related to monitoring the rhizobial exopolysaccharide (EPS) at the middle and late stages of symbiosis in peanuts.




4.5. Chromosomal Location of Peanut LysM-RLK and Synteny Analysis


Since the A. hypogaea (AABB) genome has undergone whole-genome duplication (WGD) after hybridization of A. duranensis (A) and A. ipaensis (B) [16], the A. hypogaea genome theoretically contains two copies of LysM-RLK genes, with one from each ancestral species. However, only 17 LysM-RLK genes were found on the A subgenome (instead of 20) and 21 LysM-RLK genes on the B subgenome (instead of 20). This suggests that some LysM-RLK genes have probably been lost during hybridization and duplication events of A. hypogaea genome evolution. The other LysM-RLK genes from A. hypogaea each have a counterpart in the A. duranensis and A. ipanesis genomes.In addition, only eight genes showed tandem duplication (four on A. ipaensis and four on A. duranensis). Interestingly, the duplicated genes Ad.P4UQH, Ad.KFY8V, Ai.VBT71 and Ai.0J1DV, located on ChrA07 and ChrB07, respectively, belong to the LYKI clade. These results are congruent with those of Buendía et al., 2018, reporting several duplications in LysM-RLK genes grouped in this clade.



Compared with the LysM-RLK genes identified in the genomes of A. ipaensis and A. duranensis, most LysM-RLK genes showed no segmental or tandem duplication in A. hypogaea. These results support the idea that in cultivated peanut, changes in the ancestral genomes since polyploidy have been limited [16,66,67]. However, we observed two LysM-RLK genes without a relative counterpart (Ahy.ZBH48U and Ahy.4B5N5U) in A and B genomes.



The synteny map revealed that the LysM-RLK family genes are generally conserved. However, duplication or loss of some genes is evident. The homologous genes of Ad.MEH04, Ai.HE3VH and Ad.GWU2F in the wild ancestor species were not found in the genome of cultivated peanut species. However, all the other LysM-RLK genes have the homolog on each of the parental genomes. A similar phenomenon was also reported in papilionoid legumes where several genes involved in the rhizobial symbiosis have been maintained as paralogous genes after WGD [68,69,70].



Taken together, the results indicate that the LysM-RLK genes were preserved after hybridization and chromosomes doubling in the cultivated peanut, and it becomes apparent that homeologous recombination in the A. hypogaea genome has not generated significant changes in the chromosomal organization of the LysM-RLK gene family. In addition, these results open up the possibility of studying how the conservation of ancestral genomes and chromosomal rearrangements on the tetraploid genome could be related to the diversification and functionalization of LysM-RLK genes.




4.6. Expression Analysis in NFs and Chitosan-Treated Plants


To unravel the potential participation of two peanut receptors in the perception of NF and chitosan, their expression levels after inoculation with the elicitor molecules were analyzed. Transcriptional activation of Ahy.IM7I4N was observed at 1 hpi with NF and chitosan, separately, suggesting a versatile function of Ahy.IM7I4N. This dual function is in accordance with the co-receptor role proposed for LYKI LysM-RLKs [23,71]. Intriguingly, the mechanism of the way in which plants perceive chitosan remains unclear. Some authors suggest that chitosan is perceived by a membrane receptor, while others indicate that it moves directly to the nucleus and interacts with DNA [34,72,73]. At later time points (from 1 to 72 hpi), Ahy.IM7I4N expression levels were significantly increased in response to NF.



Expression analysis of Ahy.YTK8KP suggested a specific transcriptional response to NF treatment (with significant expression levels increased at 1 and 8 hpi). Similarly, other receptors belonging to the same LYK subgroup (MtLYK4, LjLYS13, and LjLYS14) appear to be involved in early rhizobial signal perception [41,64]. However, Mtlyr4 mutants (such as Ljlys13 and Ljlys14 mutants) were not affected in the RNS, suggesting a redundant role with other receptors [42].



It is important to mention that a positive transcriptional response of LysM-RLK genes to NF or chitosan inoculation does not necessarily imply a direct receptor–elicitor binding. To confirm such direct interaction, other experiments are required. As an alternative, and considering the more complex model for molecule recognition recently proposed [2,3,5], a transcriptional activation suggests direct or indirect participation of the LysM-RLKs in the receptors network, by mediating the perception and/or pathway activation induced by the elicitors. In addition, acetylated chitin oligomers present in the chitosan used in this work (75% deacetylated) can induce the responses that lead to the regulation of a LysM-RLKs.





5. Conclusions


Peanut LysM-RLK constitutes a diverse family with several members. Analysis of the evolutionary history of the family, and functional data suggest that ligand perception and the expression pattern of peanut receptors could be different from that reported for model legumes. This study provides a better picture of the evolution of the LysM-RLK family in peanut (a non-model legume). It is clear that the LysM-RLK family phylogeny could not discriminate between receptors recognizing structurally-related ligands. The mechanism that allows discrimination among structurally-related ligands is complex, and could be related to specific single modifications in the amino acid sequence [39,65], motifs with structural conservation or variable motifs in LysM1 regions [74] or the formation of receptor heterocomplexes that bind to one or more ligands [42,58,75,76]. Further functional genetics experiments are required, to assign a biological function to a particular receptor. However, this work sets the basis for the selection of genes based on their phylogenetic position.
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Figure 1. ML phylogenetic tree of LYKs. Different phylogenetic groups are shown. One LYR protein (LjNFR5) was used as an outgroup sequence. The best model fitting the alignment was JTT+I+G+F, gama = 1.616, p-inv = 0.018. Participation of the receptors in rhizobial or mycorrhizal symbioses and defense against bacteria, fungi or oomycetes is indicated using the symbol code. The tree was drawn using iTol. 
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Figure 2. ML phylogenetic tree of LYRs. Different phylogenetic groups are shown. One LYK protein (LjNFR1) was used as an outgroup sequence. The best model fitting the alignment was JTT+I+G+F, gama = 1.916, p-inv = 0.023. Participation of the receptors in rhizobial or mycorrhizal symbioses and defense against bacteria, fungi or oomycetes is indicated using the symbol code. The tree was drawn using iTol. 
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Figure 3. Ka/Ks ratios of the LysM-RLKs between cultivated peanut and its diploid wild ancestors. The chromosomal location of the LysM-RLKs from cultivated peanuts is shown in the boxes. All statically significant Ka/Ks ratios are below 1 (the dotted line), indicating the gene pairs are under negative selection. N/A means that no Ka/Ks ratio was calculated, due to the 100% amino acids sequence identity between the genes in the pair. Star (*) indicates the significant level from Fisher’s exact test, as follows, **: p < 0.01, ***: p < 0.001. Figure was drawn using R. 






Figure 3. Ka/Ks ratios of the LysM-RLKs between cultivated peanut and its diploid wild ancestors. The chromosomal location of the LysM-RLKs from cultivated peanuts is shown in the boxes. All statically significant Ka/Ks ratios are below 1 (the dotted line), indicating the gene pairs are under negative selection. N/A means that no Ka/Ks ratio was calculated, due to the 100% amino acids sequence identity between the genes in the pair. Star (*) indicates the significant level from Fisher’s exact test, as follows, **: p < 0.01, ***: p < 0.001. Figure was drawn using R.



[image: Horticulturae 08 01000 g003]







[image: Horticulturae 08 01000 g004 550] 





Figure 4. Synteny mapping of LysM-RLK genes in Arachis chromosomes. The circle represents each chromosome of A. hypogaea, A. duranensis, and A. ipaensis. Synteny relationships were lined by Circos “http://circos.ca/” (accessed on 9 June 2022). Lines indicate synteny from each diploid parental and cultivated peanut. Figure was drawn using Circos. 
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Figure 5. Heatmap analysis of the AhLysM-RLK gene expression during symbiosis development: 1 dpi (recognition and invasion), 4 dpi (primordia formation), 8 dpi (nodule-like structure), 12 dpi (immature nodules with rod-shaped rhizobia), and 21 dpi (mature nodules with spherical symbiosomes). Greyscale legend represents the log2FC calculated relative expressions. Figure was drawn using R. 
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Figure 6. Expression levels of Ahy.IM7I4N (A) and Ahy.YTK8KP (B) genes in peanut roots. qPCR was performed to evaluate expression levels of both genes after treatment with NF or chitosan. Actin expression levels were used to normalize the data. All data is the mean of 3 biological replicates ± S.E. Different letters indicate significant differences among the treatments for each time point analyzed according to Fischer LSD p ≤ 0.05. Figure was drawn using GraphPad. 
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