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Abstract

:

With-no-lysine kinase (WNK) is a unique serine/threonine kinase family member. WNK differs from other protein kinases by not having a standard lysine in subdomain II of the universally preserved kinase catalytic region. Conversely, the amino acid lysine located in subdomain I plays a crucial role in its phosphorylation. The WNK family has been reported to regulate Arabidopsis flowering, circadian rhythm, and abiotic stress. Eighteen members of the WNK gene family were discovered in apples in this research, and they were primarily grouped into five categories on the phylogenetic tree. Conserved domains and motifs also confirmed their identity as members of the WNK family. Promoter cis-acting element analysis indicated their potential role in responses to both abiotic stress and phytohormones. Furthermore, qRT-PCR analysis showed that the expression of MdWNK family genes was stimulated to different extents by Colletotrichum siamense, NaCl, mannitol, ABA, JA, and SA, with Colletotrichum siamense being the most prominent stimulant. MdWNK family genes were expressed across all apple tissues, with young fruits showing the greatest expression and roots showing the least expression. The research offered detailed insights into the MdWNK gene family, serving as a crucial basis for investigating the biological roles of MdWNK genes.
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1. Introduction


Protein kinases are catalysts that move the phosphate group from the third spot on adenosine triphosphate (ATP) to serine, threonine, and tyrosine residues on proteins, leading to the phosphorylation of the proteins. These kinases can function as molecular switches, initiating or modulating signal transduction pathways by adding or removing phosphate groups through phosphorylation or dephosphorylation reactions. In eukaryotic cells, they contribute greatly in controlling signal transduction processes [1]. Protein kinases preserve a highly conserved catalytic domain across eukaryotic organisms, usually made up of 250–300 amino acids and featuring 12 conserved subdomains interspersed with less preserved areas [2].



The with-no-lysine kinase (WNK) gene family encodes a distinct serine/threonine protein kinase. It lacks a highly conserved catalytic lysine (K) residue in its kinase subdomain II, which is the reason it is referred to as “with no lysine kinase” [3]. Other amino acids replace this residue at the site. The lysine residue at this location is preserved in many other protein kinases and is essential for coordinating activities in the ATP active site [4].



It is suggested that the lysine residue in subdomain I of WNK can replace the lysine residue in subdomain II, which is a key site of phosphorylation and conferring the catalytic activity of WNK [5]. Since WNK shares the closest structural similarity with MAPK protein kinase, it has been referred to as MAPK protein kinase up until now. Xu [3] officially named it WNK1 when they cloned a new mammalian serine/threonine protein kinase from the rat brain cDNA library while studying the extracellular signal transduction pathway of MAPK. Soon after, Verissimo [6] discovered that the human body also possesses a class of protein kinases that share the same structural and functional characteristics as the rat WNK1 kinase, and successfully cloned and isolated four WNK family genes on human chromosomes.



In plants, an increasing number of WNK families have been reported [7,8]. They have physiological functions in plant growth and development, including controlling when plants flower, aiding in fruit growth and ripening, affecting root formation, and participating in various abiotic stress processes [9]. According to reports, Arabidopsis thaliana contains eleven members of the WNK family, with two of them playing functional roles. AtWNK8 has a negative impact on salt and osmotic stress through the modulation of abscisic acid (ABA)-dependent pathways, as shown by Zhang et al. [10], while AtWNK9 boosts ABA signaling pathways to enhance drought resistance in Arabidopsis, as demonstrated by Xie et al. [11]. An examination of the whole genome of rice showed that there are nine members of the WNK family that display varying expression patterns when exposed to different abiotic stresses [12]. Peaches, belonging to the dicotyledonous Rosaceae family, have been found to contain eighteen WNK members [13]. Gene expression profiling analyses revealed that certain peach WNK genes may participate in peach fruit development and ripening.



In this research, we identified and comprehensively analyzed eighteen members of the WNK family in apple. The analysis included their physicochemical properties, phylogenetic relationships, chromosome distribution, gene structure, conserved domains and motifs, and promoter cis-acting elements. Furthermore, we used GL-3 tissue culture seedlings to analyze the expression patterns of MdWNK genes under various conditions, including salt stress, simulated drought, hormone treatments, and infection with C. siamense. We also used field-grown GL-3 materials to analyze the tissue-specific expression of MdWNK genes. This research offered a thorough examination of the apple WNK gene family, which laid the groundwork for further exploring the role of WNK genes in combating both biological and abiotic stressors.




2. Results


2.1. Identification and Characterization of WNK Gene Family in Apple


An analysis of the whole apple genome revealed eighteen WNK gene family members. These eighteen members encoded amino acids from 289 to 745, had protein molecular weights (MWs) ranging from 32.92 to 85.13 kDa, and exhibited an isoelectric point (pI) ranging from 4.80 to 8.64. Except for MdWNK11, the pI values of other WNK family proteins were all less than 7, indicating that they may be acidic proteins. Detailed data on the instability index, etc., are available in Table 1.




2.2. Phylogenetic Analysis of the WNK Family


A phylogenetic tree was constructed to elucidate the evolutionary relationship between the WNK family in apple and Arabidopsis, using the sequences of eighteen MdWNK proteins and eleven AtWNK proteins. The eighteen members of the WNK family were named based on the evolutionary relationship between MdWNK and AtWNK in phylogenetic trees and the naming results available on the NCBI website (Table 1). According to the tree structure and categorization of AtWNK members, the eighteen MdWNK members were classified into five subfamilies, depicted in Figure 1. Group I, II, III, IV, and V were the names given to these five subfamilies. Group I comprised four individuals (MdMdWNK8, MdWNK8A, MdWNK8B, MdWNK10). Group II comprised four individuals (MdWNK4, MdWNK4A, MdWNK5, MdWNK5A). Group III comprised four individuals (MdWNK2, MdWNK2A, MdWNK9, MdWNK9A). Group IV comprised two individuals (MdWNK3, MdWNK3A), while Group V comprised four individuals (MdWNK11, MdWNK11A, MdWNK11B, MdWNK11C). AtWNK6 and AtWNK7 proteins of Arabidopsis were not included in any of the five subfamilies.




2.3. Structure Prediction of MdWNK Proteins


Predictions were made for the secondary structures of the eighteen MdWNK proteins, as shown in Supplementary Table S1. α-helix and random coil were identified as the main secondary structures in the eighteen proteins, accounting for 33.33%~39.67% and 31.83%~51.95%, respectively. Additionally, the secondary structure included an extended strand, accounting for 8.76%~13.43%, and β-turn, which accounts for 3.40%~7.80%. It can be observed that the proportion of β-angle was the lowest.



The 3D structures of the MdWNK protein were predicted by homology modeling, as depicted in Supplementary Figure S1. These proteins can be categorized into five groups based on their phylogenetic relationships. Through 3D model comparison, it could be intuitively observed that some proteins from the same group had the same or similar 3D structures. For example, MdWNK4 and MdWNK4A, MdWNK5, and MdWNK5A in the second group, and MdWNK2 and MdWNK2A in the third group, respectively, have the same 3D structures. Moreover, MdWNK8, MdWNK8A, and MdWNK8B in the first group and MdWNK11A, MdWNK11B, and MdWNK11C in the fifth group have highly similar 3D structures, respectively. The 3D structure prediction results indicated that the proteins in the same group may have similar functions.




2.4. Gene Structure, Conserved Domain, and Motif Analysis of MdWNKs


Gene structure analysis helps us further understand the MdWNK family’s evolutionary relationship. The exons, introns, and conserved domains of eighteen MdWNKs were analyzed by mapping the gene structure. As depicted in Figure 2a,b, except for MdWNK8 lacking an untranslated region (UTR), the remaining genes contained coding sequences (CDS), UTRs, introns, and protein kinase (PK) domains that were crucial for the protein kinase family. MdWNKs contained a range of two to eight exons, with members of the identical subfamily showing resemblances in the quantity of exons and introns. For example, subfamily II members have seven exons and six introns, suggesting a strong evolutionary connection between WNK4/WNK4A and WNK5/WNK5A.



The MdWNK proteins contained ten conserved motifs, among which eighteen WNK proteins sharing conserved motifs 1 to 5 and motif 8, showing similar locations (Figure 2c). Motif 6 and motif 7 were found in all genes except for those in subfamily V. Motif 9 only existed in subfamily II members, while Motif 10 only existed in subfamily III members. The typical sequence of the specific ten conserved motifs can be observed in Figure 2d. In motif 3, subdomain II of the protein kinase lacked the typical lysine (K) and was substituted by asparagine (N) or cysteine (C). In contrast, lysine is present in subdomain I, which aligns with the concept of with no-lysine (K) kinase. The results of amino acid multiple sequence alignment for conserved domains (protein kinase domain) of all MdWNK family genes are shown in Supplementary Figure S2, revealing a more distinct contrast between the lack of lysine in subdomain II and the existence of lysine in subdomain I.




2.5. Chromosomal Localization and Synteny Analysis of MdWNKs


The results of chromosomal localization indicated that the eighteen MdWNKs were distributed across eleven chromosomes of the apple genome: MdWNK10 on chr1, MdWNK4A and MdWNK11B on chr3, MdWNK5A and MdWNK9 on chr4, MdWNK8B and MdWNK3A on chr6, MdWNK11A on chr9, MdWNK4 and MdWNK11C on chr11, MdWNK5 and MdWNK9A on chr12, MdWNK2 and MdWNK8 on chr13, MdWNK8A and MdWNK3 on chr14, MdWNK2A on chr16, and MdWNK11 on chr17 (Figure 3).



We performed synteny analysis on eighteen MdWNK genes to identify their replication type. According to the results in Figure 4, seventeen of the eighteen MdWNK genes were identified as genome-wide duplication (WGD) or segmental duplication. In contrast, only one gene, MdWNK8, was identified as dispersed duplication. These findings suggested that WGD or segmental duplication events were the main type of gene replication of the MdWNKs. Additionally, we identified eighteen pairs of gene segmental duplication events among these genes. For example, MdWNK2 and MdWNK2A were identified as synteny genes. Furthermore, in order to gain a deeper comprehension of the evolutionary limitations of the MdWNK gene family, we computed the ratio of Nonsynonymous (Ka) to synonymous (Ks) ratios for every MdWNK gene pair (Supplementary Table S2). Thirteen pairs of genes had Ka/Ks ratios below 1, suggesting that these MdWNK genes underwent significant purification and selection pressure throughout their evolution. However, the Ks values of five gene pairs could not be calculated, suggesting a potential high sequence divergence between these genes.




2.6. Promoter Cis-Acting Element Analysis of MdWNK Genes


The cis-acting element analysis results indicated that all gene promoters included important cis-acting elements (Figure 5). Out of the eighteen MdWNK genes, there was more abiotic stress, biotic stress, and phytohormone-responsive-related cis-acting elements (381 and 220, respectively), and fewer cis-acting elements related to growth and development (34). All eighteen MdWNK genes had light-responsive elements and anaerobic-responsive elements. ABA-responsive elements were found upstream of all MdWNK genes except for MdWNK2A and MdWNK4. All genes, except for MdWNK2, contained MeJA response elements, which were the most abundant except for light-responsive elements. Therefore, there was speculation that certain MdWNK genes could play a role in abiotic and biotic stress responses regulated by jasmonic acid (JA). The cis-acting elements of various subfamilies exhibited similarities in type, but varied in quantity.




2.7. Expression Analysis of MdWNK Genes under Different Stress Treatments


To further investigate the potential function of MdWNK genes, the relative expressions of MdWNK genes in apple “GL-3” tissue culture seedlings treated with C. siamense, NaCl, mannitol, ABA, JA, and salicylic acid (SA) were examined, respectively (Figure 6). The results showed significant differences in the relative expression of the eighteen MdWNK genes under different treatments. All genes showed significant upregulation when treated with C. siamense, as shown in Figure 6a, particularly MdWNK2, MdWNK2A, MdWNK3, MdWNK8, and MdWNK11, and their homologous genes. At 72 h post inoculation, MdWNK11A exhibited a relative expression level approximately 65 times greater than the negative control (i.e., untreated plant). These results indicated that all eighteen MdWNK genes were induced by C. siamense. Under NaCl treatment, the expression levels of MdWNK3, MdWNK3A, MdWNK4, MdWNK4A, MdWNK9, and MdWNK11C significantly increased, indicating their potential involvement in salt stress regulation (Figure 6b). Under mannitol-simulated drought stress, the inductions of MdWNK3A, MdWNK4, MdWNK4A, MdWNK5, MdWNK5A, and MdWNK11 were more pronounced, suggesting their potential involvement in drought stress regulation (Figure 6c). Moreover, the examination of MdWNK promoters revealed a significant presence of cis-acting elements responsive to phytohormones. Therefore, this study examined the expression patterns of MdWNKs in response to ABA, JA, and SA treatments. As shown in Figure 6d, after exposure to ABA treatment, the majority of genes showed increased expression levels at 24 h, with MdWNK3A, MdWNK4, MdWNK4A, and MdWNK5 being notably stimulated. After JA treatment, the expression of MdWNK11C was significantly upregulated, with the relative expression level reaching 92.5 times at 72 h after treatment (Figure 6e). After SA treatment, the expression of MdWNK3A, MdWNK4, MdWNK4A, MdWNK5, MdWNK5A, MdWNK9, and MdWNK9A was significantly upregulated (Figure 6f). In conclusion, the expression of MdWNK family genes was induced to varying degrees by C. siamense, NaCl, mannitol, ABA, MeJA, and SA.




2.8. Tissue-Specific Expression Analysis of MdWNK Genes


To investigate the spatial and temporal expression patterns of MdWNK family genes, the presence of MdWNKs in various tissues and organs was examined. As shown in Figure 7, eighteen MdWNK genes were expressed in roots, young fruits, flowers, shoot apices, and young leaves. Young fruits exhibited the highest expression levels among all MdWNK genes. In addition, young stems exhibited high expression levels for ten genes, whereas flowers showed high expression levels for eight genes. The roots exhibited the lowest expression levels in almost all MdWNK genes. The expression patterns of homologous genes in various tissues are highly similar, for example, MdWNK2 and MdWNK2A, MdWNK4 and MdWNK4A, MdWNK5 and MdWNK5A, MdWNK11, MdWNK11A, MdWNK11B, and MdWNK11C.





3. Discussion


Phylogenetic trees provide insights into the evolutionary relationships of organisms and are essential for the study of gene families [15]. The WNK gene family in apple was thoroughly analyzed for the first time in this research, revealing a total of eighteen genes. A phylogenetic tree analysis of eighteen MdWNK genes and eleven AtWNK genes showed that the MdWNK genes were classified into five subfamilies. In apple, there were homologous genes corresponding to eight subfamilies in Arabidopsis. Still, no genes with the same names as Arabidopsis WNK1, WNK6, and WNK7 were found (Figure 2). AtWNK1 and AtWNK9 exhibited 72% similarity in their amino acid sequences and were grouped together in a subclade with internal node bootstrap values of 99%. Thus, AtWNK1 and AtWNK9 genes may be considered paralogs of each other. Our MdWNK genes were more closely related to AtWNK9, so we named them MdWNK9. AtWNK6 and AtWNK7 did not fall into any of the five subfamilies, indicating that they might have been lost during the evolution of apple. The classification of the five subfamilies was confirmed by analyzing the results of apple and examining the exon/intron structure, conserved domains, and motifs (Figure 3). Members in the identical subfamily display comparable gene structures and motif categories, which are strongly preserved and probably perform similar roles in apple. On the other hand, members from different subfamilies display distinct gene structures and motif specificities, suggesting that they may have various biological functions.



Protein kinases have a well-preserved catalytic region, where subdomain I includes the typical sequence G-X-G-X-X-G-X-G-X-V. However, in WNK, the third glycine (G) is substituted by lysine (K), leading to an altered pattern of G-X-G-X-X-K-X-V [16]. Conversely, other amino acids substitute for the lysine in subdomain II, playing a vital role in phosphorylation and aiding in the anchoring and alignment of ATP [17]. These two domain features of the WNK family can be seen in conserved motif analysis (Figure 2d) and multiple sequence alignment results of the MdWNK family (Supplementary Figure S2). The amino acid homology of eighteen MdWNK domains reached 77.39% (Supplementary Figure S2), indicating that they all possessed kinase catalytic activity. It is worth noting that MdWNK11 and its homologs in subfamily V exhibit fewer exons/introns and conserved motifs compared to other MdWNK members. Additionally, they have shorter amino acid lengths, ranging from 289 to 350 (Table 1). This discovery aligns with the findings documented by Cao-Pham et al. [18]. The distinct sequences strongly suggest that the molecular regulatory patterns of WNK11 and homologs differ from those of other WNKs [18].



Studying the cis-acting regions in gene promoters is crucial for comprehending gene regulation and forecasting gene functionalities [19]. Previous reports have highlighted the regulatory function of WNK in circadian rhythm and abiotic stress, particularly in Arabidopsis and rice [20,21]. In our analysis of the MdWNK promoters, we found a significant presence of light-responsive elements in all genes (Figure 5), which suggests their potential role in regulating circadian rhythms. Additionally, we discovered numerous specific regulatory elements related to biological and abiotic stress and phytohormones, with a notable abundance of ABA and JA response elements known to have crucial roles in plant responses to biological and abiotic stress.



Apple trees, being perennial fruit-bearing plants, face a range of abiotic and biotic pressures as they grow and mature [22,23]. Studies have suggested the significant involvement of WNK genes in abiotic stress responses, particularly in relation to salt and drought [9,24,25]. AtWNK8 functions as an inhibitor of salt and osmotic stress responses. Atwnk8 mutants showed increased levels of proline and stronger levels of CAT and POD activity, resulting in improved resistance to salt and osmotic stress [10]. AtWNK9 and AtWNK8 have contrasting impacts on plant reactions to environmental stress. Increased levels of AtWNK9 led to higher proline accumulation, promoted the activity of various ABA signaling elements (including ABI1, ABI3, ERA1, and ABF3), and improved drought tolerance in transgenic Arabidopsis [11]. GmWNK1, a gene expressed specifically in soybean roots, was discovered to be decreased in response to treatments with ABA, mannitol, PEG, and NaCl [26]. Expressing GmWNK1 in Arabidopsis led to higher levels of ABA, resulting in transgenic plants with improved resistance to NaCl and osmotic stress during the early stages of growth [24]. The overexpression of OsWNK9 in Arabidopsis led to enhanced resistance to salt, drought, and ABA-induced stress [25]. Additionally, transgenic plants showed elevated levels of endogenous ABA and the upregulated expression of genes associated with abiotic stress and ABA signaling when exposed to salt and drought conditions, in contrast to the non-transgenic control. The results indicate that OsWNK9 could control the response to salt stress and drought by using an ABA-dependent mechanism. These results highlight the significant impact of WNK genes on plant adaptation to stress. Our research showed that the activation of multiple MdWNKs genes occurs in response to different biological pressures and hormone applications, suggesting that MdWNKs could be important in responding to abiotic stress factors, supporting earlier research findings [8,27].



Nevertheless, there are few reports on regulating biological stress by WNK proteins. Recently, it has been reported that the expressions of several GhWNK genes were induced upon infection with Verticillium dahliae, indicating their potential involvement in the immune response of cotton plants to V. dahliae [8]. Dunker et al. reported the participation of AtWNK2 in the plant–fungus interaction process [28]. The expression of the target gene AtWNK2 was downregulated by the small RNA of pathogenic Hyaloperonospora arabidopsidis through RNA-induced silencing. The Arabidopsis gene knockout mutant atwnk2 showed increased susceptibility, indicating that AtWNK2 positively regulates plant immunity. While the function of AtWNK2 is still not understood, and its involvement in other diseases has not been established. Furthermore, there have been reports of an interaction between AtWNK2 and AtWNK11, hinting at their possible participation in a series of kinase reactions, in which one WNK may control the function of the other [29]. The findings from our study indicated that MdWNK2, MdWNK11, and their homologs were notably activated by C. siamense (Figure 6a). This suggests their potential involvement in the regulatory effect of apple on C. siamense through interactions and kinase cascade, which requires further exploration for validation.




4. Materials and Methods


4.1. Identification of WNK Family Members in Apple


In this study, two methods were used to identify the WNK family members in apples. Initially, we employed TBtools II v2.030 software to perform a BLASTP inquiry on the local apple database (Version GDDH13 v1.1 from GDR database), utilizing eleven Arabidopsis WNK protein sequences (from TAIR database) as query sequences, and setting an e-value threshold of 1 × 10−10 [30]. Next, we used the obtained apple WNK sequence as queries to conduct a secondary BLASTP search on the Swiss-Prot database. Due to the absence of Pfam ID for WNK proteins in the Pfam database, we conducted multiple sequence alignments on the Arabidopsis WNK family members. Subsequently, we established a hidden Markov model to screen for members of the WNK family in apples. Redundant sequences were then eliminated based on recognition motifs and chromosome positions. In order to confirm the dependability of our findings, we utilized the online platform InterPro (https://www.ebi.ac.uk/interpro/, accessed on 17 January 2024) to validate the potential WNK sequences and ensure the presence and completeness of the WNK domain.




4.2. Phylogenetic Analysis


The phylogenetic trees in this study were constructed using MEGA11.0 software, utilizing the maximum likelihood method and JTT+G model with 1000 bootstrap tests [14]. Subsequently, all of the phylogenetic trees were visualized by using the ChiPlot online site (https://www.chiplot.online/, accessed on 23 January 2024).




4.3. Sequence Analysis of MdWNK Family Members


The molecular weight, isoelectric point, and other information on MdWNK proteins were calculated using ExPASy online tools (http://web.expasy.org/protparam/, accessed on 18 January 2024). The secondary structures of MdWNK proteins were predicted based on the SOPMA website (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html, accessed on 19 January 2024). The 3D structures of MdWNK proteins were established using the Swiss Model online website (https://swissmodel.expasy.org/, accessed on 28 July 2024). The exon–intron structures of MdWNK family members were sketched using the Tbtools II v2.030 tool. The conserved motifs of MdWNK proteins were obtained by the MEME 5.0.2 tool. Multiple conserved domain sequences of MdWNK protein were aligned with the MUSCLE Wrapper tool, and similar amino acids were highlighted. The results were visualized using Jalview 9.0.5 software.




4.4. Promoter Cis-Acting Element Analysis


The promoter region for each MdWNK gene was extracted from the apple genome at a distance of 2000 bp fragments upstream of the translation initiation site. To identify cis-acting elements, MdWNK promoter sequences were supplied to the PlantCARE website [31]. Then, an Excel table was used to create statistics on each MdWNK gene containing various types of cis-acting elements, and Tbtools II v2.030 software was used to draw a heat map of the statistical results.




4.5. Chromosomal Localization and Synteny Analysis


The mapping of MdWNK genes to the apple chromosomes was carried out using TBtools II v2.030 software and the details were from the apple genome database. Syntenic blocks were identified and distinct duplication events were distinguished using BLASTP and MCScanX module, following the methodology outlined by Wang et al. [32]. The synteny relationships of orthologous MdWNK genes were displayed using the Dual Synteny Plotter module [33]. The Ka and Ks values for each duplicated MdWNK gene pair were calculated using KaKs_Calculator 2.0 [34].




4.6. Plant Material and Stress Treatment


GL-3 apple (Malus domestica) materials for tissue-specific gene expression were cultivated at Shenyang Agricultural University under a natural environment. Samples of roots, young leaves, young fruits (approximately 80 days post full bloom), flowers, and shoot apices were collected. The apple materials utilized for stress and hormone treatment were GL-3 tissue culture seedlings that thrived in the growth chamber.



For the hormone and abiotic stress treatment experiment, GL-3 tissue culture seedlings, cultured for about one month, were appropriately pruned and then cultured in MS medium containing 30 μM ABA, 100 μM JA, 100 μM SA, 200 mM NaCl, and 300 mM mannitol. The treated leaves were consecutively gathered at intervals of 0 h, 12 h, 24 h, 48 h, and 72 h.



For the biotic stress treatment experiment, C. siamense was grown in PDA medium at 28 °C in the dark for a week. After scraping off the hypha, the C. siamense was cultured for an additional week at 30 °C in darkness. The conidia were diluted with sterile water to a concentration of 107~108 conidia mL−1 and then sprayed onto the detached apple leaves. The treated leaves were placed under constant temperature and light, and the incidence was observed daily. Specimens were gathered at intervals of 0 h, 24 h, 48 h, and 72 h.




4.7. RNA Extraction and Quantitative Real-Time PCR (qRT-PCR)


RNA extraction and reverse transcription were performed as specified by Chang et al. [35]. The reaction system, reagent, and instrument used for qRT-PCR assay were the same as the method of Chen et al. [36]. The experiment utilized primers that were detailed in Supplementary Table S3, with MdActin (CN938023) chosen as the constitutive control. Gene expression levels were calculated by the 2−ΔΔCT method with each sample undergoing three biological replicates [37]. Statistical analysis was conducted with the DPS 7.05 program.





5. Conclusions


This study identified eighteen MdWNK family genes in the apple genome. Phylogenetic analysis revealed that the eighteen MdWNK genes can be classified into five subfamilies, consistent with the classification of their exon/intron structure, conserved domains, and motifs. An examination of cis-acting elements in promoters indicated that MdWNKs could play a significant role in plant responses to different stressors and hormones. Hormone and stress treatment experiments demonstrated that varying degrees of MdWNK genes were induced by C. siamense, NaCl, mannitol, ABA, JA, and SA. An analysis of gene expression in various apple tissues and organs showed that young fruits had the highest expression levels of all MdWNK genes. This research supplied abundant information for understanding MdWNK gene functions.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/ijms25158528/s1.





Author Contributions


Conceptualization, W.G. and H.D.; methodology, Z.-C.W.; software, J.Z.; validation, Z.W.; formal analysis, D.Z.; writing—original draft preparation, Z.W.; writing—review and editing, W.G. and H.D. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Liaoning Provincial Department of Education foundation, grant number LJKQZ20222346.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data generated or analyzed during this study are included in this article and the Supplementary Materials.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Hunter, T. Signaling-2000 and beyond. Cell 2000, 100, 113–127. [Google Scholar] [CrossRef] [PubMed]

	



Hanks, S.K.; Quinn, A.M. Protein kinase catalytic domain sequence database: Identification of conserved features of primary structure and classification of family members. Meth. Enzymol. 1991, 200, 38–61. [Google Scholar]

	



Xu, B.; English, J.M.; Wilsbacher, J.L.; Stippec, S.; Goldsmith, E.J.; Cobb, M.H. WNK1, a novel mammalian serine/threonine protein kinase lacking the catalytic lysine in subdomain II. J. Biol. Chem. 2000, 275, 16795–16801. [Google Scholar] [CrossRef] [PubMed]

	



Xu, B.; Min, X.; Stippec, S.; Lee, B.H.; Goldsmith, E.J.; Cobb, M.H. Regulation of WNK1 by an autoinhibitory domain and autophosphorylation. J. Biol. Chem. 2002, 277, 48456–48462. [Google Scholar] [CrossRef]

	



Wilson, F.H.; Disse-Nicodème, S.; Choate, K.A.; Ishikawa, K.; Nelson-Williams, C.; Desitter, I.; Gunel, M.; Milford, D.V.; Lipkin, G.W.; Achard, J.M.; et al. Human hypertension caused by mutations in WNK kinases. Science 2001, 293, 1107–1112. [Google Scholar] [CrossRef] [PubMed]

	



Veríssimo, F.; Jordan, P. WNK kinases, a novel protein kinase subfamily in multi-cellular organisms. Oncogene 2001, 20, 5562–5569. [Google Scholar] [CrossRef]

	



Liu, R.; Vasupalli, N.; Hou, D.; Stalin, A.; Wei, H.; Zhang, H.; Lin, X. Genome-wide identification and evolution of WNK kinases in Bambusoideae and transcriptional profiling during abiotic stress in Phyllostachys edulis. PeerJ 2022, 10, e12718. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Q.; Zhang, C.D.; Pan, Z.Y.; Lin, H.R.; Li, Z.B.; Hou, X.H.; Liu, J.S.; Nie, X.H.; Wu, Y.L. Genome-wide identification and analysis of the WNK kinase gene family in upland cotton. Plants 2023, 12, 4036. [Google Scholar] [CrossRef]

	



Saddhe, A.A.; Karle, S.B.; Aftab, T.; Kumar, K. With no lysine kinases: The key regulatory networks and phytohormone cross talk in plant growth, development and stress response. Plant Cell Rep. 2021, 40, 2097–2109. [Google Scholar] [CrossRef]

	



Zhang, B.G.; Liu, K.D.; Zheng, Y.; Wang, Y.X.; Wang, J.X.; Liao, H. Disruption of AtWNK8 enhances tolerance of Arabidopsis to salt and osmotic stresses via modulating proline content and activities of catalase and peroxidase. Int. J. Mol. Sci. 2013, 14, 7032–7047. [Google Scholar] [CrossRef]

	



Xie, M.M.; Wu, D.; Duan, G.F.; Wang, L.Q.; He, R.Q.; Li, X.S.; Tang, D.Y.; Zhao, X.Y.; Liu, X.M. AtWNK9 is regulated by ABA and dehydration and is involved in drought tolerance in Arabidopsis. Plant Physiol. Biochem. 2014, 77, 73–83. [Google Scholar] [CrossRef] [PubMed]

	



Manuka, R.; Saddhe, A.A.; Kumar, K. Genome-wide identification and expression analysis of WNK kinase gene family in rice. Comput. Biol. Chem. 2015, 59, 56–66. [Google Scholar] [CrossRef] [PubMed]

	



Cao, S.; Hao, P.; Shu, W.; Wang, G.; Xie, Z.; Gu, C.; Zhang, S. Phylogenetic and expression analyses of with-no-lysine kinase genes reveal novel gene family diversity in fruit trees. Hortic. Plant J. 2019, 5, 5–16. [Google Scholar] [CrossRef]

	



Stecher, G.; Tamura, K.; Kumar, S. Molecular evolutionary genetics analysis (MEGA) for macOS. Mol. Biol. Evol. 2020, 37, 1237–1239. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Z.; Rannala, B. Molecular phylogenetics: Principles and practice. Nat. Rev. Genet. 2012, 13, 303–314. [Google Scholar] [CrossRef] [PubMed]

	



Hemmer, W.; McGlone, M.; Tsigelny, I.; Taylor, S.S. Role of the glycine triad in the ATP-binding site of cAMP-dependent protein kinase. J. Biol. Chem. 1997, 272, 16946–16954. [Google Scholar] [CrossRef] [PubMed]

	



Hanks, S.K.; Hunter, T. Protein kinases 6. The eukaryotic protein kinase superfamily: Kinase (catalytic) domain structure and classification. FASEB J. 1995, 9, 576–596. [Google Scholar] [CrossRef] [PubMed]

	



Cao-Pham, A.H.; Urano, D.; Ross-Elliott, T.J.; Jones, A.M. Nudge-nudge, WNK-WNK (kinases), say no more? New Phytol. 2018, 220, 35–48. [Google Scholar] [CrossRef]

	



Hernandez-Garcia, C.M.; Finer, J.J. Identification and validation of promoters and cis-acting regulatory elements. Plant Sci. 2014, 217–218, 109–119. [Google Scholar] [CrossRef]

	



Nakamichi, N.; Murakami-Kojima, M.; Sato, E.; Kishi, Y.; Yamashino, T.; Mizuno, T. Compilation and characterization of a novel WNK family of protein kinases in Arabidopsis thaliana with reference to circadian rhythms. Biosci. Biotechnol. Biochem. 2002, 66, 2429–2436. [Google Scholar] [CrossRef]

	



Kumar, K.; Rao, K.P.; Biswas, D.K.; Sinha, A.K. Rice WNK1 is regulated by abiotic stress and involved in internal circadian rhythm. Plant Signal. Behav. 2011, 6, 316–320. [Google Scholar] [CrossRef] [PubMed]

	



Geng, D.L.; Chen, P.X.; Shen, X.X.; Zhang, Y.; Li, X.W.; Jiang, L.J.; Xie, Y.P.; Niu, C.D.; Zhang, J.; Huang, X.H.; et al. MdMYB88 and MdMYB124 enhance drought tolerance by modulating root vessels and cell walls in apple. Plant Physiol. 2018, 178, 1296–1309. [Google Scholar] [CrossRef] [PubMed]

	



Guo, W.; Chen, W.J.; Guo, N.; Zang, J.; Liu, L.F.; Zhang, Z.H.; Dai, H.Y. MdWRKY61 positively regulates resistance to Colletotrichum siamense in apple (Malus domestica). Physiol. Mol. Plant Pathol. 2022, 117, 101776. [Google Scholar] [CrossRef]

	



Wang, Y.X.; Suo, H.C.; Zhuang, C.X.; Ma, H.; Yan, X.L. Overexpression of the soybean GmWNK1 altered the sensitivity to salt and osmotic stress in Arabidopsis. J. Plant Physiol. 2011, 168, 2260–2267. [Google Scholar] [CrossRef] [PubMed]

	



Manuka, R.; Saddhe, A.A.; Kumar, K. Expression of OsWNK9 in Arabidopsis conferred tolerance to salt and drought stress. Plant Sci. 2018, 270, 58–71. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.X.; Suo, H.C.; Zheng, Y.; Liu, K.D.; Zhuang, C.X.; Kahle, K.T.; Ma, H.; Yan, X.L. The soybean root-specific protein kinase GmWNK1 regulates stress-responsive ABA signaling on the root system architecture. Plant J. 2010, 64, 230–242. [Google Scholar] [CrossRef] [PubMed]

	



Negi, Y.; Kumar, K. Cloning, homology modelling and expression analysis of Oryza sativa WNK gene family. Int. J. Biol. Macromol. 2023, 229, 994–1008. [Google Scholar] [CrossRef] [PubMed]

	



Dunker, F.; Trutzenberg, A.; Rothenpieler, J.S.; Kuhn, S.; Pröls, R.; Schreiber, T.; Tissier, A.; Kemen, A.; Kemen, E.; Hückelhoven, R.; et al. Oomycete small RNAs bind to the plant RNA-induced silencing complex for virulence. eLife 2020, 9, e56096. [Google Scholar] [CrossRef] [PubMed]

	



Lumba, S.; Toh, S.; Handfield, L.F.; Swan, M.; Liu, R.; Youn, J.Y.; Cutler, S.R.; Subramaniam, R.; Provart, N.; Moses, A.; et al. A mesoscale abscisic acid hormone interactome reveals a dynamic signaling landscape in Arabidopsis. Dev. Cell 2014, 29, 360–372. [Google Scholar] [CrossRef] [PubMed]

	



Chen, C.J.; Chen, H.; Zhang, Y.; Thomas, H.R.; Frank, M.H.; He, Y.H.; Xia, R. TBtools: An integrative toolkit developed for interactive analyses of big biological data. Mol. Plant 2020, 13, 1194–1202. [Google Scholar] [CrossRef]

	



Lescot, M.; Déhais, P.; Thijs, G.; Marchal, K.; Moreau, Y.; Van de Peer, Y.; Rouzé, P.; Rombauts, S. PlantCARE, a database of plant cis-acting regulatory elements and a portal to tools for in silico analysis of promoter sequences. Nucleic Acids Res. 2002, 30, 325–327. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.P.; Tang, H.B.; Debarry, J.D.; Tan, X.; Li, J.P.; Wang, X.Y.; Lee, T.H.; Jin, H.Z.; Marler, B.; Guo, H.; et al. MCScanX: A toolkit for detection and evolutionary analysis of gene synteny and collinearity. Nucleic Acids Res. 2012, 40, e49. [Google Scholar] [CrossRef] [PubMed]

	



Chen, C.; Wu, Y.; Xia, R. A painless way to customize circos plot: From datapreparation to visualization using TBtools. iMeta 2022, 1, e35. [Google Scholar] [CrossRef] [PubMed]

	



Wang, D.P.; Zhang, Y.B.; Zhang, Z.; Zhu, J.; Yu, J. KaKs_calculator 2.0: A toolkit incorporating gamma-series methods and sliding window strategies. Genom. Proteom. Bioinf. 2010, 8, 77–80. [Google Scholar] [CrossRef] [PubMed]

	



Chang, L.; Zhang, Z.; Yang, H.; Li, H.; Dai, H. Detection of strawberry RNA and DNA viruses by RT-PCR using total nucleic acid as a template. J. Phytopathol. 2007, 155, 431–436. [Google Scholar] [CrossRef]

	



Chen, K.Q.; Song, M.R.; Guo, Y.N.; Liu, L.F.; Xue, H.; Dai, H.Y.; Zhang, Z.H. MdMYB46 could enhance salt and osmotic stress tolerance in apple by directly activating stress-responsive signals. Plant Biotechnol. J. 2019, 17, 2341–2355. [Google Scholar] [CrossRef]

	



Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2−ΔΔCT method. Methods 2001, 25, 402–408. [Google Scholar] [CrossRef]








[image: Ijms 25 08528 g001] 





Figure 1. Phylogenetic analysis of WNK proteins from Arabidopsis and apple. Different colored branches represent different groups. 
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Figure 2. Gene structure and conserved protein motifs of MdWNKs. (a) Phylogenetic tree of eighteen MdWNK proteins. (b) The gene structures of the MdWNKs. The green, yellow, and pink boxes represent the UTRs, CDSs, and protein kinase domains, respectively. (c) Conserved motif distribution of MdWNK proteins. Different colored boxes indicate different motifs. (d) The sequence logos of the ten conserved motifs. The stack height represents each amino acid’s relative frequency at that position. Based on previous research [9,14], subdomains I and II of protein kinases are denoted by the horizontal arrows above, and the positions of lysine (K) in subdomain I and the substituted lysine (K) in subdomain II are marked with arrows. 
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Figure 3. Chromosome distribution of MdWNKs on the apple genome. 
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Figure 4. Synteny analysis of MdWNK genes. Segmental duplicated gene pairs are represented by brown lines between chromosomes. 
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Figure 5. Analysis of the cis-elements in the promoters of the MdWNK genes. The numbers represent the number of cis-acting elements detected in the promoter region of each MdWNK gene. 
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Figure 6. Gene expression patterns of MdWNKs under different stress treatments. (a–c) Relative expression of MdWNKs under C. siamense inoculation (107~108 conidia mL−1), NaCl (200 mM), and mannitol (300 mM). (d–f) Relative expression of MdWNKs under ABA (30 μM), JA treatment (100 μM), and SA treatment (100 μM). Normalization of qRT-PCR data was performed with the MdActin gene and presented relative to 0 h (negative control). The results represent the average values with standard deviations, different letters indicate significant differences (n = 3, p < 0.05). 
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Figure 7. Gene expression patterns of MdWNKs in different apple organs. Normalization of qRT-PCR data was performed with the MdActin gene and presented in comparison to the root. The results represent the average values with standard deviations, different letters indicate significant differences (n = 3, p < 0.05). 
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Table 1. Detailed information about the members of the apple WNK gene family.
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	Gene

Name
	Gene

ID
	Protein Length (aa)
	MW

(kDa)
	pI
	Instability Index
	Aliphatic Index
	Grand Average of Hydropathicity





	MdWNK2
	MD13G1192500
	737
	84.10
	5.35
	39.67
	76.61
	−0.636



	MdWNK2A
	MD16G1193000
	738
	83.94
	5.24
	41.25
	76.12
	−0.604



	MdWNK3
	MD14G1170800
	632
	70.65
	4.87
	48.31
	79.18
	−0.618



	MdWNK3A
	MD06G1165300
	632
	70.87
	4.8
	47.1
	80.08
	−0.633



	MdWNK4
	MD11G1055100
	588
	66.47
	6.22
	39
	79.59
	−0.464



	MdWNK4A
	MD03G1053500
	585
	66.38
	5.99
	41.31
	80.17
	−0.48



	MdWNK5
	MD12G1186000
	604
	68.82
	5.45
	51.93
	78.11
	−0.559



	MdWNK5A
	MD04G1172700
	603
	68.91
	5.86
	52.58
	74.53
	−0.621



	MdWNK8
	MD13G1200200
	409
	46.34
	5.21
	34.43
	93.37
	−0.267



	MdWNK8A
	MD14G1136200
	606
	67.62
	5.14
	51.91
	80.1
	−0.416



	MdWNK8B
	MD06G1114800
	605
	67.62
	5.19
	44.31
	82.63
	−0.44



	MdWNK9
	MD04G1220500
	745
	85.13
	5.08
	43.15
	77.99
	−0.592



	MdWNK9A
	MD12G1236900
	593
	67.85
	5.31
	39.43
	77.22
	−0.475



	MdWNK10
	MD01G1085200
	655
	73.37
	5.49
	39.88
	84.52
	−0.382



	MdWNK11
	MD17G1112400
	350
	39.96
	8.64
	43.63
	91.63
	−0.33



	MdWNK11A
	MD09G1121400
	289
	32.92
	5.89
	30.13
	87.68
	−0.381



	MdWNK11B
	MD03G1189000
	295
	33.73
	5.47
	37.06
	83.9
	−0.465



	MdWNK11C
	MD11G1205200
	295
	33.85
	5.4
	37.59
	82.54
	−0.466
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