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Abstract

:

Dioscorea alata, commonly known as “greater yam”, is a vital crop in tropical and subtropical regions of the world, yet it faces significant threats from anthracnose disease, mainly caused by Colletotrichum gloeosporioides. However, exploring disease resistance genes in this species has been challenging due to the difficulty of genetic mapping resulting from the loss of the flowering trait in many varieties. The receptor-like kinase (RLK) gene family represents essential immune receptors in plants. In this study, genomic analysis revealed 467 RLK genes in D. alata. The identified RLKs were distributed unevenly across chromosomes, likely due to tandem duplication events. However, a considerable number of ancient whole-genome or segmental duplications dating back over 100 million years contributed to the diversity of RLK genes. Phylogenetic analysis unveiled at least 356 ancient RLK lineages in the common ancestor of Dioscoreaceae, which differentially inherited and expanded to form the current RLK profiles of D. alata and its relatives. The analysis of cis-regulatory elements indicated the involvement of RLK genes in diverse stress responses. Transcriptome analysis identified RLKs that were up-regulated in response to C. gloeosporioides infection, suggesting their potential role in resisting anthracnose disease. These findings provide novel insights into the evolution of RLK genes in D. alata and their potential contribution to disease resistance.
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1. Introduction


Dioscorea alata, also called “greater yam”, “water yam”, “winged yam”, and “purple yam”, was initially cultivated in Southeast Asia and has since become a highly important crop in tropical and subtropical regions worldwide [1]. Among several cultivated yam species, D. alata stands out as one of the most extensively grown and produced yam species globally [2]. D. alata serves as a major source of food in tropical and subtropical regions, especially in West and Central Africa, where at least 60 million people depend on it [3]. It is also the second most important cultivated yam after D. polystachya in China [4]. D. alata is favored for its robust yield potential, thriving even in environments with low soil fertility. The popularity of D. alata stems from several advantageous traits, including ease of propagation, early vigor in outcompeting weeds, high starch, and protein content, excellent tuber storability, and a richness of anthocyanin in some varieties [3,5]. Furthermore, in addition to its food usage, D. alata is exploited for pharmaceutical products [6,7,8].



Despite these attractive advantages, the productivity of D. alata has always been influenced by many threads, including microbial pathogens and various pests [9,10]. One of the most important threads is the fungus Colletotrichum gloeosporioides, which causes anthracnose disease, resulting in leaf darkening, acute necrosis, premature shedding, and wilting [11,12], emerging as a primary concern affecting yield and post-harvest quality. It has been reported that C. gloeosporioides could even cause up to 90% yield losses [13]. Consequently, it engenders significant economic repercussions and necessitates frequent fungicide applications for management. However, the reliance on chemical control methods presents environmental hazards, the risk of fungicide resistance, and economic barriers for farmers in tropical regions [13]. Thus, there is an imperative to explore sustainable and effective strategies from a biological perspective to mitigate anthracnose and enhance the resilience of greater yam cultivation systems.



Breeding-resistant varieties of D. alata is an efficient way to control anthracnose disease. However, the genetic mapping-based cloning of R genes in D. alata is greatly impeded by the degeneration or loss of the flowering trait in many cultivars [14]. Therefore, although the genetic transformation of D. alata through different methods has been well established [15,16], the cloning of functional disease resistance genes (R genes) from this species with a forward genetic strategy is still challenging.



Proteins from the receptor-like kinase family compose one of the major types of plant cell surface immune receptors, which are involved in the recognition of pathogen-associated molecular patterns (PAMPs) from diverse types of pathogens [17,18]. The typical structure of RLK proteins is composed of a cytosolic kinase domain, a transmembrane domain, and diverse extracellular ectodomains (ECDs), such as leucine-rich repeats (LRRs), lectins and LysM motifs (LysMs). LRR-RLK is the biggest subfamily of RLK and contains several well-studied functional genes, including FLAGELLIN SENSING 2 (FLS2), EF-TU RECEPTOR (EFR) and XA21 [19]. Taking advantage of the expansive knowledge of the significance of the RLK family in plant disease resistance, reverse genetic studies have been adopted to mine functional R genes against various pathogens in this family via genome-wide identification coupled with the expression analysis of RLK genes. Among them, several analyses have contributed to the identification of functional R genes. For example, a recent study identified an RLK family number, namely TaBIR1, contributing to wheat resistance against the fungus Puccinia striiformis f. sp. tritici [20]. Another study reported several RLKs as candidate R genes against anthracnose in common beans [21,22]. While these studies have highlighted the genome-wide study of RLK genes as an important reverse genetic strategy for mining R gene candidates, the genomic profile and expression responding to C. gloeosporioides of RLK genes in D. alata have not been explored yet.



In this study, the systematic analysis of RLKs in D. alata was conducted to uncover the family member composition, chromosomal distribution, evolutionary pattern, and dynamic expression during C. gloeosporioides infection. These results not only provide information that contributes to a deeper understanding of the RLK gene family evolution but also serve as valuable resources for further mining functional R genes and conferring anthracnose resistance.




2. Results


2.1. D. alata Genome Encodes a Large Number and Diverse Types of RLK Genes


A genome-wide survey of RLK genes was conducted in D. alata protein-coding genes, through which a total of 467 RLK genes were identified (Table S1). The identification of the RLK genes from three other species within the Dioscoreaceae family revealed that D. alata has the largest number of RLKs in this family (Table S2). Within all RLK protein sequences, different types of ECDs were identified, while LRR was the most prevalent one, presenting in 227 out of the 467 RLKs (Table S1). Previous studies have classified the plant RLK gene family into different groups according to their kinase phylogeny and ECD diversity [23]. To assign D. alata RLK genes into different subgroups, their protein sequences were subjected to blastp analysis against the reference RLK proteins from different subgroups [23]. The results showed that all D. alata RLKs are classified into 34 different subgroups (Figure 1, Table S1). Among them, the three largest subgroups are DLSV (74 genes), LRR-XI-1 (69 genes), and L-LEC (55 genes). Interestingly, DLSV, LRR-XI-1, and L-LEC also rank in the top three subgroups in other investigated species of Dioscoreaceae (Figure S1), indicating that extensive gene duplication occurred during the evolution of these subgroups. Most of the remaining subgroups only have a small number of genes, including 11 RLK subgroups that each possess no more than three genes. Notably, we found that four different types of the ECD structure existed in the largest subfamily, DLSV, which probably suggests that functional differentiation occurred in the DLSV subgroup.



All RLKs with LRR ECDs were classified into 22 subgroups, except for several of them in the DLSV subgroup (Figure 1 and Table S1). Phylogenetic analysis revealed that RLKs with the same ECD often form a monophyletic group, suggesting that they were duplicated from a common ancestor sequence. However, this is not the case for LRR-RLKs, which occupy several distantly related phylogenetic lineages and do not form a monophyletic group on the phylogeny (Figure S1), suggesting that they may arise from multiple domain fusion events.




2.2. Most D. alata RLKs Are Organized into Gene Clusters on Chromosomes


The physical mapping of identified RLK genes was conducted to uncover their distribution on D. alata chromosomes. The results showed that the RLK genes were unevenly distributed across 19 of a total of 20 D. alata chromosomes (Figure 2A and Figure S3). Among them, chromosome 15 had the largest number of RLKs (63 genes), and chromosome 1 had the lowest number of RLKs (6 genes), whereas no RLKs were found on chromosome 6. Similar to previously reported distribution patterns of nucleotide-binding site-leucine-rich repeat (NLR, or NBS-LRR)-type R genes [24,25], RLKs were distributed unevenly not only between different chromosomes but also within a chromosome (Figure 2 and Figure S3). Of the 467 RLKs, 330 were presented on the chromosomes in 72 clusters, accounting for 70.7% of the D. alata RLKs. By contrast, only 137 genes presented as singletons. The biggest gene cluster was composed of 23 LRR-RLKs on chromosome 2. Other large clusters were also detected for the DLSV, LRR, L-LEC, SD-2b, and WAK subgroup genes (Figure 2B). The results suggest that tandem duplication may have contributed to the expansion of these RLK subgroups.




2.3. Ancient Whole Genome Duplications (WGDs) and/or Segmental Duplications (SDs) Contribute to RLK Diversification in D. alata


WGDs have been shown to consistently occur throughout plant evolution [26]. This factor, together with SDs, serves as another important force accelerating gene family expansion in addition to tandem duplication [27]. To explore the role of WGDs/SDs in D. alata RLK expansion, genome syntenic analysis was conducted. The results showed that 71 RLK pairs involving 106 unique genes may have duplicated through WGDs or SDs (Figure 3A), accounting for 23% of all RLKs in the D. alata genome. Among them, we detected several RLKs that displayed a syntenic relationship with more than one RLK gene, suggesting that multiple rounds of WGDs/SDs occurred to generate these gene pairs (Figure 3B). After classifying these genes into different RLK subgroups, the results showed that the 106 genes were from 6 different subgroups, including LRR (71 genes), DLSV (12 genes), L-LEC (9 genes), SD-2b (9 genes), CrRLK1L-1 (3 genes) and CR4L (2 genes); however, no WGDs/SDs were detected for RLKs from the remaining 7 subgroups.



The Ks value between a pair of genes is often used as a molecular clock parameter to estimate the divergence time [28,29]. To trace the age of these WGDs/SDs contributing to RLK expansion, we then calculated the Ks value of different RLK pairs and analyzed their distribution density (Figure 3B). The results showed that the Ks values of a large proportion of duplicated gene pairs were distributed in the range from 1 to 2 (Figure 3B), which indicates that duplication occurred 100 to 200 million years ago. In contrast, only a small number of gene pairs displayed values of Ks below one, suggesting that fewer recent WGDs/SDs contributing to RLK duplication occurred or were preserved during D. alata evolution.



Meanwhile, the Ka/Ks were calculated for each pair of genes, and none of them showed a value exceeding 0.5 (Table S3), which is the feature of strong negative selection. The results suggest that the functional differentiation of these different gene pairs might not have occurred after WGDs/SDs.




2.4. Phylogenetic Analysis and Evolutionary Trajectory of RLKs in D. alata and Its Relatives


After noticing the contribution of anciently occurring WGDs/SDs in the RLK gene duplication of D. alata, we wondered how the RLK gene family evolved during the speciation of D. alata and its closely related species within the same genus and family. To reconstruct the evolutionary history of RLK genes during the evolution of Dioscoreaceae species, a phylogenetic analysis was conducted on RLK genes from four different species inside the Dioscoreaceae, which included D. alata (467 genes), D. dumetorum (459 genes), D. rotundata (315 genes) and Trichopus zeylanicus (268 genes). It was clear from the phylogeny that, despite the existence of some species-specific branches, a large number of RLK branches were presented in all four species; that is, they presented the common ancestor of Dioscoreaceae (Figure 4A). The results suggest that a large number of ancient RLK lineages diverged prior to the radiation of Dioscoreaceae. However, the absence of RKL genes could also be observed from one or more Dioscoreaceae species in many lineages (Figure 4A), suggesting that the species-specific loss of RLK genes also occurs frequently.



The evolutionary trajectory was then performed by the reconstruction of gene loss and gain events throughout the divergence of Dioscoreaceae species by reconciling the gene tree with the species tree. The results showed that RLK genes from the four Dioscoreaceae species could be traced as descendants of 356 ancestor genes in the most recent common ancestor of Dioscoreaceae (Figure 4B). The occurrence of different numbers of gene losses and gains at each node of Dioscoreaceae speciation contributed to the diverse profiles of RLK genes in the four species. For example, after the separation of the T. zeylanicus from the common ancestors of D. dumetorum, D. alata, and D. rotundata (defined as Dd-DaDr), 153 ancestral RLK genes were lost in the T. zeylanicus lineage (Figure 4B), whereas 65 genes duplicated from the remaining ancestral RLK genes were preserved in this lineage. However, only 51 ancestral RLK genes were lost in Dd-DaDr, whereas 164 new RLKs were duplicated from the remaining ancestral RLK genes (Figure 4B). Similar scenarios of loss and duplication of ancestral RLKs constantly happen at the lateral nodes of speciation. D. dumetorum lost 157 and duplicated 147 ancestral RLK genes after its separation with the common ancestor of D. alata and D. rotundata (defined as DaDr), whereas Da−Dr lost 44 and duplicated 72 ancestral RLKs after this divergence node (Figure 4B). Subsequently, after the separation of D. alata and D. rotundata, 84 and 188 gene losses and 54 and 6 gene duplications occurred in the two species, respectively (Figure 4B). It is clear that the contrasting extents of recent gene losses and duplications contribute to the great difference in the RLK gene number between D. alata and D. rotundata.



Interestingly, after comparing the evolutionary trajectory of RLK genes in the four species from Dioscoreaceae (Figure 4C–F), we found a similar pattern of “first expansion and then contraction” in the RLK gene family evolution. These results not only suggest the ancient expansion of the diversity of the RLK gene family during the early period of Dioscoreaceae but also indicate the accelerated loss of ancestral RLK lineages and attenuate the duplication of new RLKs in the investigated Dioscoreaceae species.




2.5. The Profile of Cis-Regulatory Elements in the Promotor Regioin Suggests the Engagement of RLKs in Stimulus Responses


Previous studies have highlighted various functions of RLK family members, indicating that they serve as a major type of plant receptor in the recognition of biotic and abiotic stress stimulus signals from environments [19,30,31]. To gain insights into the function of D. alata RLKs in stress responses, we analyzed the presence of diverse types of stress-associated cis-regulatory elements, including those responding to auxin, defense and stress, gibberellin, low temperatures, salicylic acid (SA), abscisic acid (ABA), methyl jasmonate (MeJA), and droughts and wounds in the promoter region of D. alata RLK genes. The results show that the majority of RLK promoter regions had anoxic and abscisic-acid responsiveness elements, while only a very few RLKs had wound responsiveness elements (Figure 5A and Table S4). Meanwhile, almost all RLKs had more than two different cis-acting elements, except only five RLKs displayed only one element that responded to defense or salicylic acid (Figure 5B). The results suggest that the great majority of D. alata RLKs may be influenced and regulated by a variety of signaling pathways to precisely tune their expression.



To identify D. alata RLKs that are potentially involved in immune response, we paid more attention to genes possessing the following four types of cis-regulatory elements, including ABA, defense and stress, MeJA, and SA, respectively. We found that 321 RLKs responded to ABA, 286 RLKs responded to MeJA, 217 responded to SA, and 173 responded to defense and stress (Figure 5C and Table S5). We analyzed RLKs, which responded to four different stresses (Figure 5D). In RLK genes possessing the four cis-regulatory elements, the number of LRR-RLKs ranked first among all subgroups in each cis-regulatory element-containing RLK, followed by the DLSV subgroup. Notably, 32 RLKs possessed all four types of cis-elements, and 65 RLKs contained three different plant immune-related cis-regulatory elements, suggesting their high potential to participate in plant immune signaling.




2.6. Expression Analysis Identifies Candidate RLKs Involved in C. gloeosporioides Resistance


Since RLKs have been widely reported as immune receptors of the first line in the plant immune system, we explored the potential involvement of D. alata RLKs in C. gloeosporioides defense by transcriptome analysis. After inoculating a resistant D. alata variety with C. gloeosporioides, the leaf samples were collected and subjected to transcriptome sequencing at 24 and 48 h post-inoculation (hpi), respectively, with leaf samples that were not inoculated by the pathogen as a control. While 451 of the 467 RLKs could be detected for their expression in either the pathogen-infected or the control samples (Figure 6A), a small number of RLKs displayed significant differential expression between the two groups of samples at either 24 or 48 hpi (Figure 6B). However, more differentially expressed genes (DEGs) emerged at 48 hpi than at 24 hpi (Figure 6B and Tables S6 and S7), suggesting the progressively enhanced immune response of D. alata against C. gloeosporioides infection.



Among the DEGs detected at the two time points, 4 and 36 displayed up-regulated expression at 24 and 48 hpi, respectively (Figure 6B), suggesting their potential participation in C. gloeosporioides resistance. Interestingly, the up-regulated genes showed no overlap between the two time points. It was shown that two RLKs from the LRR-XI-1 and two from the DLSV subgroup were up-regulated in 24 hpi treatment (Figure 6C). Although no RLKs from LRR-XI-1 showed up-regulated expression at 48 hpi, more up-regulated RLKs (11 genes) from the DLSV subgroup were detected at 48 hpi (Figure 6C). In addition, different numbers of up-regulated genes from the L-LEC (11 genes), WAK (1 gene), SD-2b (5 genes), LysM (1 gene), LRK10L-2 (2 genes), and LRR (5 genes) subgroups were detected at 48 hpi, indicating a much stronger immune response at 48 hpi.





3. Discussion


The RLK gene family represents one of the largest gene families within the plant genome and is also one of the major types of plant receptors responsible for the perception of diverse self and alien signals from abiotic and biotic stresses [19,30,31]. The comprehensive analysis of RLK genes in an increasing number of sequenced plant genomes has not only contributed to a better understanding of the origin, evolution, and functional divergence of this important gene family but has also provided invaluable resources for the identification of functional genes that are valuable for crop breeding [32,33,34,35,36,37]. In this study, the genome-wide identification and evolutionary analysis of RLK genes from D. alata provides additional insights into the evolution and functional roles of the RLK gene family, including its ancient divergence by means of considerable WGDs/SDs, rapid “birth to death” during speciation, and potential roles in disease resistance against anthracnose.



The first largest-scale evolutionary analysis of plant RLK genes can be traced to more than twenty years ago [38], which found several hundreds of RLK genes within a single plant genome. Subsequent studies revealed that the RLK gene family experienced rounds of ancient duplications to form dozens of ancient lineages [39]. The results from this study demonstrate that WGDs/SDs may have contributed significantly to the ancient expansion of RLK proteins, although the majority of RLKs may have emerged via tandem duplications, as displayed in gene clusters on D. alata chromosomes. In our study, over one hundred D. alata RLK genes were detected as the consequence of WGDs/SDs, with 78.1 percent of them displaying Ks values larger than one. The results suggest that many of these duplications did not occur specifically in D. alata but can be traced to more than 100 million years ago. The observed large number of WGDs/SDs (22.7 percent of all RLK genes in the genome) in the RLK gene family also indicates a fairly different expansion mechanism to that reported for the NLR immune receptor gene family [40]. While both of these gene families are dominated by tandem duplication in gene expansion, very few duplicated NLR genes were preserved after WGDs/SDs, especially at long-term evolutionary time. These results suggest that the two types of immune receptors may have evolved differently in terms of gene duplication mechanisms.



As a gene family responsible for responding to changing stress stimuli for the environments, it can be anticipated that dynamic gene loss and gain may have occurred during speciation. However, previous analysis of other gene families suggests that this process might be diverse and lineage-specific [41]. In this study, phylogenetic analysis of RLK genes across Dioscoreaceae species provides insights into the evolutionary trajectory of this gene family. Despite species-specific variations, a large number of RLK lineages appear to have originated from a common ancestor, predating the divergence of Dioscoreaceae. This is in accordance with previous studies on the RLK gene family in other plant lineages [39]. However, species-specific gene losses and duplications have contributed to the unique composition of RLK genes in each Dioscoreaceae species. The observed pattern of gene loss and gain suggests that dynamic evolutionary processes with the feature of “first expansion and then contraction” have shaped the RLK gene family during the speciation of D. alata and its Dioscoreaceae relatives.



Inspired by the increasingly successful applications of reverse genetic strategies in the identification of functional genes related to important traits of plants, many recent studies have performed the genome-wide analysis of the RLK gene family [21,42,43,44]. This serves as an important basis for following investigations to screen interested genes involving specific biological processes. For example, two RLK proteins have been identified as key regulators of arbuscular mycorrhizal symbiosis by comparative genomic and expression analysis in recent studies [32,33]. Several RLKs have been characterized to play positive roles against different pathogens infecting apples, Nicotiana tabacum, and wheat, taking advantage of the known RLK profiles in these species [34,35,36]. The genome-wide identification of RLK genes in D. alata, therefore, provides an important resource for this crop. Considering the fact that traditional genetic mapping is difficult in this species, this resource supports an alternative strategy for mining functional R genes of D. alata through the reverse genetic study. The presence of stress-responsive cis-regulatory elements in the promoter regions of RLK genes hints at their involvement in plant immune responses and several other types of stimuli. Interestingly, we found that 32 RLKs simultaneously possess four investigated immune-related elements, and 139 RLKs have three of them, suggesting their potential roles in plant defense. To identify potential genes that participate in D. alata resistance to the most severe disease, anthracnose, we conducted the transcriptome analysis of a D. alata resistant variety and identified 4 and 36 genes showing up-regulation after being challenged with C. gloeosporioides at 24 and 48 hpi, respectively. Of these, all up-regulated genes at 24 hpi and 34 of the 36 up-regulated genes at 48 hpi possessed at least one type of immune-related element at the promotor region, implying their roles in C. gloeosporioides resistance. In addition, previous studies have reported functional R genes of several LRR-RLK subgroups, including LRR-I, II, VIII-1, VIII-2, Xa, Xb, XI, XII, and XVI [31]. Interestingly, three LRR-RLK subgroups containing up-regulated RLKs in this study fell into these subgroups, further supporting their roles in C. gloeosporioides resistance. Taken together, although the further genetic transformation of a sensitive variety, D. alata, is required to validate their function, this study provides candidate genes involved in C. gloeosporioides resistance with multiple supporting examples of evidence.



In conclusion, our study provides a comprehensive overview of RLK genes in D. alata, offering new insights into their evolutionary history, genetic diversity, and potential roles in C. gloeosporioides resistance. These findings serve as the foundation resource for future research aimed at elucidating the molecular mechanisms underlying disease resistance and the stimulus perception of D. alata, facilitating the development of improved cultivars with enhanced resistance to C. gloeosporioides and other pathogens.




4. Materials and Methods


4.1. Genomes Used in This Study


Four species were used in this study, including Dioscorea alata [45], Dioscorea dumetorum [46], Dioscorea rotundata [47], and Trichopus zeylanicus [48]. The genome sequence, annotation files and protein sequences of the four species were downloaded from YamBase (https://yambase.org/organism/Dioscorea_alata/genome, accessed on 10 July 2023), Publikationen an der Universität Bielefeld (https://pub.uni-bielefeld.de/record/2941469#details, accessed on 28 February 2024), Iwate Biotechnology Research Center (https://genome-e.ibrc.or.jp/resource/yam, accessed on 28 February 2024) and CoGe (https://genomevolution.org/coge/GenomeInfo.pl?gid=54631, accessed on 28 February 2024), respectively.




4.2. Identification and Grouping of All RLKs


Proteins were acquired from primary transcripts across four selected species. In order to identify RLKs from genomes, HMMER v3.3.2 (http://hmmer.org/, accessed on 25 March 2024) was used in the identification of protein domains. First, the hmm model of the Pkinase domain (PF00069) was used to search all potential proteins with the kinase domain via hmmsearch (E-value cut-off: 1 × 10−1). Next, we scanned all domains presented in kinase proteins using the hmmscan (E-value cut-off: 1 × 10−3). Then, we predicted transmembrane domains via TMbed [49], which is a newly developed tool with more accuracy. One step was performed to reduce and rearrange all domains across a protein according to the descending layout of the E-value. All proteins that satisfied the specific structure were identified as RLKs.




4.3. Dividing RLKs into Different Subgroups


It has been reported that RLKs can be divided into different subgroups according to the phylogeny of RLK kinases [38]. We extracted kinase sequences from RLKs and blasted representative kinases of each subgroup using blastp (https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 25 March 2024). The RLK was classified into a specific subgroup considering the matched reference kinase belonging to [23]. RLKs among each subgroup were then filtered using the following criteria: (1) the kinase domain longer than 140 amino acids and (2) the kinase domain right after the transmembrane domain when multiple kinase domains existed.




4.4. Phylogeny Analysis of RLKs within and among Different Species


The multiple sequence alignment of RLKs within or across species was built by Mafft v7.45 [50]. The protein trees of D. alata RLKs and Dioscoreaceae RLKs were both built by IQ-TREE v1.6.12 [51] with the maximum likelihood method. Phylogenetic tree visualization was conducted by iTOLs Version 6.9 (https://itol.embl.de/, accessed on 26 March 2024) [52].




4.5. Gene Chromosome Location and Cluster Analysis


All information on the RLK gene location was obtained from the D. alata genome annotation GFF file. The genetic mapping of RLKs located on chromosomes was generated via TBtools-II v2.078 [53]. The gene cluster was defined from the following criteria: if two genes were located within 200 kb, then they would be treated in order to be located within a cluster. Gene clusters were also mapped to different chromosomes. The plot was generated by a Perl5 script.




4.6. Duplication Events and Synteny Analysis


The protein file of D. alata was searched by MCScanX [54] utilizing blastp, with the help of the GFF annotation and synteny analysis within the D. alata. Circle plot and wiring between different related genes were completed using the TBtools-II [53]. Gene pairs that belonged to the segmental duplication event were also calculated for their Ks and Ka/Ks ratio via TBtools-II [53].




4.7. Ancestral Gene Reconstruction


The ancestral gene reconstruction was conducted by reconciling the gene tree and the species tree of four species from the Dioscoreaceae. Gene loss/duplication events of RLK genes, which existed among four species, were inferred by Notung-2.9.1.5 [55].




4.8. RNA Extraction and Gene Expression Analysis


The leaves of D. alata inoculated with C. gloeosporioides for 24 and 48 h were treated as the experiment group, whereas those uninoculated were used as the control. Total RNA was extracted using Trizol (10296010, Invitrogen, Carlsbad, USA) according to the manufacturer’s suggestion. RNA-seq was conducted in triplicate, with each sample made up of three individual plants at Wuhan Benagen Tech Solutions Company Limited, Wuhan, China. After obtaining the raw sequencing data, the adapters in RNA-seq data were removed by Trim galore v0.6.4 (https://github.com/FelixKrueger/TrimGalore, accessed on 10 July 2023). Clean reads were mapped to the reference genome of D. alata by Hisat2 v2.1.0 [56]. Finally, gene expression matrices were quantified using FeatureCounts v2.0.1 [57], from which all genes were calculated and normalized to FPKM.




4.9. Searching for Differentially Expressed Genes


Differentially expressed genes (DEGs) among D.alata RLKs were acquired using the R package DEseq2 [58]. In order to find genes induced or reduced by C. gloeosporioides, we analyzed DEGs of RLK by comparing 24 h post-inoculation (hpi) and 48 hpi in the control group, respectively. The FPKM was presented as the heatmap around the RLK phylogeny tree of D. alata using iTOL [52]. The volcano plot of DEGs and the bar plot of DEGs subgroup were both painted via GraphPad Prism 8.0 (https://www.graphpad.com/, accessed on 28 March 2024).
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Figure 1. The number of RLKs in each subgroup. The schematic structure of each subgroup is shown on the left. The number of RLKs inside each subgroup are shown via the bar plot on the right. 
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Figure 2. Physical distribution of RLKs. (A) The number of RLKs on each chromosome. (B) The physical map of RLK gene clusters on each chromosome. The RLK subgroups are shown in different colors. 
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Figure 3. A considerable number of RLKs were duplicated through WGDs or SDs in D. alata. (A) The synteny analysis of RLKs among different chromosomes. The pairs of RLKs are shown by origin lines. (B) The distribution of Ks is shown by the density plot. Different Ks ranges are shown in different colors. (C) The plot of syntenic RLKs. The dot represents different RLK subgroups represented by different colors. The line shows the Ks value among each RLK pair. The color shows the Ks range, and the thickness shows the Ks value. 
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Figure 4. The phylogenetic analysis and evolutionary trajectory inference of RLKs from four species in Dioscoreaceae. (A) The phylogenetic tree of RLKs among four species from Dioscoreaceae. The outer ring is mapped by the color of each branch. (B) The gene duplications and losses inferred from the species tree and the gene tree. (C–F) The evolutionary trajectories of RLKs in the four species of Dioscoreaceae. 
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Figure 5. The cis-elements of different RLK genetic structures. (A) Cis-elements of different functions are shown in the outer ring. All RLKs are shown in the phylogenetic tree. (B) The number of RLKs with different cis-elements exist in their promoter region. (C) The number of RLKs in D. alata for each cis-element (RLKs may overlap in each group). (D) RLKs have four immune-related cis-elements, as shown by the up-set plot. 
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Figure 6. The expression analysis of RLKs responding to C. gloeosporioides infection. (A) Expression profile of each experimental group. Each RLK expression is shown by colors on the outer ring. The color represents the normalized FPKM. hpi, hours past inoculation. (B) The differentially expressed genes (DEGs) are shown by a volcano plot. (C) The number of up-regulated RLKs among each subgroup in 24 or 48 hpi. 
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