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Pinus massoniana is a pioneer tree widely planted for afforestation on barren hills in southern China where the total planted area is 8.04 million ha. The invasive pine wood nematode (Bursaphelenchus xylophilus) poses a serious threat to the survival of P. massoniana. Plant resistance genes encoded by leucine-rich repeat-containing transmembrane-receptor proteins play important roles in plant defense. Leucine-rich repeat receptor-like kinases (LRR-RLKs), the largest subfamily of the RLK protein family, play an important role in sensing stress signals in plants. However, the LRR-RLKs of P. massoniana have not been characterized previously, and their role in resistance to B. xylophilus is unknown. In this study, 185 members of the LRR-RLK subfamily were identified in P. massoniana and were categorized into 14 subgroups. Transcriptomic and quantitative real-time RT-PCR analyses showed that PmRLKs32 was highly expressed in the stem tissue after inoculation with B. xylophilus. The gene exhibited high homology with AtFLS2 of Arabidopsis thaliana. PmRLKs32 was localized to the plasma membrane and was significantly upregulated in nematode-resistant and nematode-susceptible individuals. The transient expression of PmRLKs32 resulted in a burst of reactive oxygen species production in P. massoniana and Nicotiana benthamiana seedlings. These results lay a foundation for further exploration of the regulatory mechanism of LRR-RLKs in response to biotic stress in P. massoniana.
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Introduction

Plants are exposed to diverse biotic stresses in nature. A plant must respond to adverse biotic factors for survival and to maintain growth. Pests are a biotic stress that seriously threaten the growth and development of trees. Plants rely on their defense system, which predominantly includes pattern-triggered immunity (PTI) and effector-triggered immunity (ETI), to resist pathogen attack (Naveed et al., 2020). Recent studies have shown that PTI and ETI synergistically enhance disease resistance in plants, and the disease response pathways of each system show a certain degree of overlap. The ETI response activates the MAPK signaling pathway and the production of reactive oxygen species (ROS) (Yuan et al., 2021b). The activation of ETI requires the participation of pattern-recognition receptors (PRRs) and co-receptors. The ETI signal can mobilize the PTI pathway and, in turn, amplify the PTI response (Ngou et al., 2021; Pruitt et al., 2021; Tian et al., 2021; Yuan et al., 2021a). In addition, the concept of the “resistosome” has been proposed (Bi et al., 2021). These new views and concepts indicate that research in the field of plant immunity is entering a new phase and lay a crucial theoretical foundation for targeted improvement of the plant immune system.

The PTI pathway involves recognition of conserved pathogen-associated molecular patterns (PAMPs), microbe-associated molecular patterns (MAMPs), and damage-associated molecular patterns (DAMPs) by PRRs (Abdul Malik et al., 2020). The PRRs, which mainly comprise receptor-like kinases (RLKs) and receptor-like proteins (RLPs), play an important role in the first-tier basal immunity of plants that is triggered by the recognition of external pathogens (Lin et al., 2020). The PRRs elicit downstream cellular responses, including defense gene expression, ROS production, and callose deposition, by recognizing highly conserved molecular structures or characteristics of pathogens and pests (Albert et al., 2019). However, the recognition mechanism and the cell surface and intracellular synergistic mechanisms remain unclear.

The leucine-rich repeat receptor-like kinase (LRR-RLK) subfamily, the largest group within the plant RLK family, is mediated by many cellular signal transduction pathways. The proteins of this family contain three functional domains. The extracellular domain (ECD) perceives signals that contain varying numbers of LRR repeats. The transmembrane domain connects the internal and external cellular compartments. The intracellular kinase domain (KD) can transmit a signal through phosphorylation (Chakraborty et al., 2019)—for example, Arabidopsis thaliana FLAGELLIN-SENSITIVE 2 (AtFLS2) senses the flagellin elicitor flg22 to activate a relatively low-level defense response, and EF-TU RECEPTOR (AtEFR) mediates plant resistance to a bacterial pathogen. RECEPTOR-LIKE KINASE 902 (AtRLK902) may directly bind to and phosphorylate the downstream gene BRASSINOSTEROID-SIGNALING KINASE 1 (BSK1), thereby transmitting an immune signal downward (Zhao et al., 2019). OsLRR-RLK1 is involved in the regulation of pest defense responses in rice (Ye et al., 2019). Thus, the LRR-RLK family plays important roles in responses to abiotic and biotic stresses.

Pinus massoniana is the main timber species grown in southern China and is adaptable to diverse topography and environments. The pine wood nematode (Bursaphelenchus xylophilus) feeds on cells in the vascular bundles of the tree. The resulting pine wilt disease is devastating and threatens the survival of P. massoniana. In previous studies, we identified several P. massoniana accessions that showed high resistance or susceptibility to B. xylophilus, from which we selected representative resistant and susceptible individuals for full-length transcriptome sequencing. Through transcriptomic analysis of gene families of P. massoniana, in this study we identified candidate LRR-RLK genes and selected the most representative gene for preliminary functional verification. The results provide a foundation for the future studies of pine wood nematode resistance.



Materials and methods


Identification of LRR-RLK family members

Transcriptome data for P. massoniana were derived from the previously reported transcriptome of resistant and susceptible individuals post-inoculation with B. xylophilus (Liu et al., 2017). TBtools software was used to extract all LRR-RLK genes from the transcriptome that contained the LRR domain (PF13855). The default parameters were used for screening, and the E-value was set to E < 10−20. HMMER (https://www.ebi.ac.uk/Tools/hmmer/results/032E22B6-BB2E-11EC-94AB-5DE9DBC3747A/score) and CD-Search (https://www.ncbi.nlm.nih.gov/cdd/) were used to screen protein sequences of P. massoniana containing the complete LRR domain and beginning with a Met residue. A Perl script in the Linux system was used to delete the duplicated sequences among the selected P. massoniana resistance protein sequences. Based on previous reports and functional annotations of A. thaliana LRR-RLK proteins, the LRR-RLK proteins that included the LRR and protein kinase motifs were downloaded from Phytozome v13 (https://phytozome-next.jgi.doe.gov/) (Xi et al., 2019). The selected LRR-RLK proteins were further screened with CD-Search.



Sequence analysis and phylogenetic analysis

TBtools software was used to predict the molecular weight and isoelectric point of the LRR-RLK proteins in batches. CELLO (http://cello.life.nctu.edu.tw/) and PSORT (https://psort.hgc.jp/) were used for subcellular localization prediction (Chen et al., 2020). An evolutionary tree was reconstructed using the maximum-likelihood method based on a multiple sequence alignment of the LRR-RLK protein sequences of P. massoniana and A. thaliana with MEGA software. Support for the topology of the phylogeny was assessed by performing a bootstrap analysis with 1,000 replicates. The Multiple Expectation Maximization for Motif Elicitation (MEME) tool (http://meme-suite.org/tools/meme) was used to analyze the conserved motifs of the LRR-RLK proteins with the following parameters: minimum and maximum motif widths of six and 50, respectively, and maximum pattern number 10. The fragments per kilobase of exon per million mapped fragment values of the P. massoniana transcripts were used in conjunction with the read map per thousand bases exon model per million values for the nematode to estimate the abundance of P. massoniana LRR-RLK gene transcripts. The relative expression level of the control was set to “1”.



Plant material and treatments

Two-year-old P. massoniana seedlings were obtained from the Linhai forest farm (28°40′–29°04′ N, 120°49′–121°41′ E), Linhai Province, China. To study the expression level of LRR-RLK genes, we selected three seedlings of uniform growth for nematode treatment. Each plant was inoculated with 1,000 heads. Samples of stem tissue were collected at 0, 1, 15, and 30 days after inoculation.



RNA extraction and quantitative real-time reverse transcription PCR

Total RNA was extracted from samples using the EASYspin Plus Complex Plant RNA Kit (RN53, Aidlab, Beijing, China). The RNA concentration and purity were measured with a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), and the RNA integrity was estimated by agarose gel electrophoresis. The first-strand cDNA was synthesized using the HiScript III All-in-one RT SuperMix Perfect for qPCR (R333, Vazyme, Hangzhou, China). Primers for quantitative real-time reverse transcription PCR (qRT-PCR) were designed using Primer 5.0 (Supplementary Table S1). The Taq Pro Universal SYBR qPCR Master Mix (Q712, Vazyme) was used to amplify the target sequence. Each PCR mixture (20 µl) contained 2 µl diluted cDNA (10× dilution), 10 µl SYBR Green Real-time PCR Master Mix, 0.4 µl of each primer (10 µM), and 7.2 µl ddH2O. The RT-PCR program accorded with the kit manufacturer’s instructions. The β-tubulin gene was used as an internal reference, and three biological replicates and three technical replicates were analyzed for each sample. Information on the primers used is presented in Supplementary Table S1. The relative expression levels were calculated using the 2−ΔΔCt method. The IBM SPSS Statistics for Windows, version 19.0 (IBM Corp, Armonk, NY, USA), was used to estimate the significance of differences between means with Student’s t-test (*P < 0.05, **P < 0.01).



Subcellular localization assay

The construct 35S:GFP-PmRLKs32 was generated by homologous recombination. The 35S:GFP-PmRLKs32 construct containing the green fluorescent protein (GFP) was transiently transformed into the leaves of Nicotiana benthamiana following a previously described method (Liu et al., 2017). The fluorescence signals were observed with a laser scanning microscope (LSM880, ZEISS, Jena, Germany).



Transient transformation

Four-week-old N. benthamiana seedlings and young P. massoniana tissue-cultured seedlings were used as materials for transient transformation. We used the agroinfiltration method for transient expression of GFP-fused proteins in N. benthamiana leaves, and 35S:GFP was used as the control. First, 3-ml LB cultures supplemented with rifampicin and kanamycin in a capped 10-ml conical flask were inoculated with the plasmid. The cultures were incubated at 28°C under agitation (200 rpm) for 4 h. In the second step, the cells were pelleted by centrifugation for 15 min at 5,000 rpm. After aspiration of the supernatant, the pellet was resuspended in 3 ml of infiltration medium (10 mM MES, 10 mM MgCl2, and 200 μM acetosyringone). The samples were diluted to OD600 = 1 with the infiltration buffer. After letting it sit for 1 h, a 1-ml needleless syringe was filled with the suspension and injected into N. benthamiana leaves, which were incubated for 48 h in the dark. For P. massoniana, the suspension samples were introduced into the plant by vacuum infiltration. After incubation for 2 days, nitro blue tetrazolium (NBT) staining was performed, and RNA was also extracted from the plants for quantitative analysis.




Results


Verification of LRR-RLK genes in P. massoniana

A total of 185 candidate genes corresponding to LRR-RLK genes were screened from the transcriptome data of B. xylophilus. The statistics for these LRR-RLK genes are shown in Supplementary Table S2. The number of amino acid residues predicted to be encoded by these genes ranged from 470 to 1,460. The LRR-RLK proteins comprising more than 900 amino acids were the most abundant, whereas 54 LRR-RLK proteins comprised fewer than 900 amino acids. The relative molecular weights of the LRR-RLK proteins were 52–160 kDa. Prediction of the subcellular localization suggested that the LRR-RLK proteins were widely distributed within the cell: 112 LRR-RLK proteins were predicted to be mainly localized in the plasma membrane, 14 mainly in the nucleus, 18 in the vacuole, 10 in the extracellular matrix, three in the endoplasmic reticulum, four in the cytoplasm, and 24 predominantly in the chloroplasts. Based on these observations, we identified the LRR-RLK genes that encoded proteins mainly localized to the plasma membrane and selected for further analysis. Other predicted physical and chemical properties of the LRR-RLK proteins are shown in Supplementary Table S2.



Motifs and phylogenetic analysis of LRR-RLK proteins

Phylogenetic analysis revealed that the 185 LRR-RLK proteins of P. massoniana could be divided into 14 groups consistent with the LRR-RLK protein classification for A. thaliana. The conserved shared motifs were determined using the full-length amino acid sequences of the LRR-RLK proteins with the MEME tool. Ten motifs were identified in the 185 LRR-RLK protein sequences of P. massoniana ranging in length from 16 to 50 amino acids. The genes of A. thaliana and P. massoniana placed in the same lineage were summarized, and a motif structure map was generated. Motif 1 was the main feature (Figure 1). The functions of most of the motifs remain to be elucidated. In combination with the results of the phylogenetic analysis, the conservative composition of LRR domains strongly supported the reliability of the classification of the proteins into groups. Certain genes of the RLK subgroup had a higher homology with genes of A. thaliana, but the number of genes differed significantly among the subgroups, which may be the result of functional evolution. The number of P. massoniana genes was more than six times that of A. thaliana genes in subgroups of the LRR XII group (Table 1). This may be due to environmental selection that has resulted in gene duplication in P. massoniana, and these genes may play an important role in disease resistance pathways. Importantly, PmRLKs32 was classified in the LRR XII group; this protein is induced by B. xylophilus and affects plant secondary metabolism (Liu et al., 2021).




Figure 1 | Motifs and phylogenetic tree for PmRLK proteins. (A) Phylogenetic tree based on the full-length amino acid sequences using the maximum likelihood method. The different subgroups are indicated by different colors. (B) Motifs and phylogenetic tree for P. massoniana and A. thaliana homologs. The red arrowhead shows the genes that were selected for further analysis.




Table 1 | Number of genes in the subgroups of LRR-RLK genes from Pinus massoniana and Arabidopsis thaliana.





Transcriptome analysis of P. massoniana

The sequence information and heat map data for this analysis were based on the transcriptome. Combining the heat map (Figure 2) results and weighted gene co-expression network analysis of the transcriptome, 22 candidate PmRLK genes were identified (Supplementary Figure S1).




Figure 2 | Heat map of PmRLK proteins. The PmRLK family members in Pinus massoniana that had high homology with the proteins of Arabidopsis thaliana are shown, and the heat map includes data for samples collected at 1, 15, and 30 days after inoculation. The expression level of the sample is relative to that of the control. The color scale represents the relative fold change in expression level.



A qRT-PCR analysis was conducted to determine the expression levels of the PmRLK genes. Consistent with the transcriptome data, the expression levels of PmRLKs32 were significantly upregulated after infection. In the highly resistant sample, PmRLKs32 was significantly upregulated at 1 day after inoculation, and the relative expression level exceeded the highest level observed for susceptible samples. On day 15 after inoculation, the PmRLKs32 expression level decreased to less than the original level, and after 30 days it recovered to the original level. PmRLKs39 was significantly upregulated at 1 day after inoculation. The trends for PmRLKs153 and PmRLKs159 were consistent with that for PmRLKs32, but the relative expression levels of the former two genes were slightly lower. The trend for PmRLKs23 was opposite to that of PmRLKs32. Other PmRLK genes did not show a significant variation in relative expression levels in response to inoculation (Figure 3). The qRT-PCR results indicated that the samples with high resistance responded quickly to inoculation and maintained internal homeostasis. The PmRLK expression levels at 15 days post-inoculation were lower than those prior to inoculation, which may be due to negative feedback of plant immunity to prevent an excessive immune response from causing damage to the plant itself.




Figure 3 | Relative expression of PmRLK genes of P. massoniana in response to nematode treatment. The relative expression levels are the log2 (2−ΔΔCt) values. The asterisks indicate significant differences between each time point of highly resistant (R) and susceptible (S) accessions of P. massoniana. *p < 0.05, **p < 0.01.





Analysis of subcellular localization of PmRLKs32

The PmRLK genes mainly participate in signal transduction. The predictions for their subcellular localization showed that they mainly play a role in the plasma membrane. To verify the prediction, PmRLKs32 was selected for a subcellular localization experiment because it showed the highest relative expression level (Figure 4). Consistent with the prediction, PmRLKs32 was localized to the plasma membrane. The PmRLKs32 protein may bind to extracellular effectors to activate immunity and stimulate the synthesis of relevant hormones to resist various stresses.




Figure 4 | Subcellular localization of PmRLKs32 in Nicotiana benthamiana leaf cells. (A) Schematic diagrams of the 35S:GFP vector and 35S:GFP-PmRLKs32 construct. (B) Fluorescence from 5S:GFP and 35S:GFP-PmRLKs32 transiently expressed in 4-week-old N. benthamiana leaves. The GFP signals were observed with a ZEISS LSM880 confocal microscope. Bar, 50 μm.





Transient transformation with PmRLKs32

To further clarify the function of PmRLKs32, a transient transformation assay with N. benthamiana and P. massoniana was performed. The function of PmRLKs32 was confirmed by qRT-PCR and histochemical visualization of ROS accumulation. The qRT-PCR results showed that PmRLKs32 was successfully expressed in N. benthamiana and P. massoniana. The expression levels of downstream related genes and resistance-related transcription factors were detected in the transient overexpression plants. The results revealed that the expression of downstream genes of the PTI resistance pathway was upregulated, whereas the expression of ETI resistance pathway-related transcription factors was downregulated in the transient overexpression plants (Figure 5). In addition, NBT staining indicated that ROS and callose were significantly accumulated in the overexpression plants compared with those of the control. These results confirmed that PmRLKs32 could activate the PTI pathway and enhance plant resistance through ROS production (Figure 6).




Figure 5 | Gene expression downstream of PmRLKs32. The scale represents relative expression levels based on the log2 (2−ΔΔCt) values. The asterisks indicate significant differences between each time point of the wild-type (WT) and 35S:PmRLKs32-overexpression plants. *p < 0.05, **p < 0.01.






Figure 6 | Staining of reactive oxygen species with nitro blue tetrazolium (NBT). (A) Tissue-cultured seedlings of Pinus massoniana. (B) Material of Nicotiana benthamiana: leaves used for transient transformation with the 35S:PmRLKs32 construct are indicated by red boxes. (C) NBT staining of needles of P. massoniana (upper) and leaves of N. benthamiana (lower).






Discussion

With plant evolution from unicellular eukaryotic algae to multicellular angiosperms, the number of RLK family members increased rapidly. In the present phylogenetic analysis, few genes showed a high homology between P. massoniana and A. thaliana, and the majority were phylogenetically well separated. The present results indicated that the PmRLK genes of P. massoniana may have undergone segmental duplication, tandem duplication, or polyploidization to adapt to various stresses in the environment. The tomato RLK proteins SlSERK3A and SlSERK3B enhance root-knot nematode resistance and interact with FLS2 in vivo (Peng and Kaloshian, 2014). FLS2 homologous genes have been reported in tobacco, A. thaliana, and tomato (Chinchilla et al., 2006; Hao et al., 2016; Zhou and Zeng, 2018). We identified the PmRLKs32 protein in P. massoniana, which had a high homology to AtFLS2 and was classified in the subgroup LRR XII, and demonstrated that overexpression of PmRLKs32 triggered a burst of ROS production. As a consequence of stress metabolism, ROS not only play a role in plant defense mechanisms but also participate in biotic stress responses as signal molecules (Tarfeen et al., 2022). After the transient overexpression of PmRLKs32 in P. massoniana tissue-cultured seedlings, the downstream genes MPK9, MPK, MMK1, and SERK1 were also up-regulated. Therefore, overexpression of PmRLKs32 stimulated the immune response in P. massoniana, but the specific mechanism is still unclear and requires further investigation.

Some redundant and truncated RLK genes currently without functional annotations are often ignored. In the phylogenetic tree, the number of P. massoniana genes in subgroup LRR XII exceeded the number of A. thaliana genes. The functions of these extra P. massoniana genes in subgroup LRR XII are currently unknown, and the proteins may act independently or as accessory proteins. In A. thaliana, AtVRLK1 redundantly regulates secondary cell wall thickening (Huang et al., 2018). An additional family of resistance proteins, LRR-RLPs, may also play an indispensable role. The difference between RLK and RLP proteins is only in the C-terminus, and RLP proteins may even be truncated variants of RLK proteins (He et al., 2018). These RLP genes may have acquired novel functions as a result of the structural changes. The RLP2 and RLP3 genes only lack a C-terminal kinase domain compared with LRR-RLK genes containing the sulfate tyrosine 1 receptor (PSY1R) (Oehlenschlæger et al., 2017). The LRR-RLP gene CLAVATA 2 has the same function as the LRR-RLK gene CLAVATA 1 (Hanemian et al., 2016; Pan et al., 2016).

Comprehensive identification of P. massoniana LRR-RLKs and resolution of their phylogenetic relationships will facilitate the further exploration of genes with potentially redundant functions. The PTI and ETI pathways are the major defense pathways in plants. The diversity of genes is closely associated with the ability to adapt to stress. The present analysis revealed the potential function of PmRLKs32 in resistance to pine wilt disease.



Conclusions

This study comprehensively analyzed the RLK genes of P. massoniana and identified 185 PmRLK genes classified into 14 groups. Previous studies have shown that RLK genes play an important role in the plant defense system. A phylogenetic analysis revealed that PmRLKs32 showed a high homology to AtFLS2 of A. thaliana. This gene may play a crucial role in the defense regulatory network in P. massoniana. By performing qRT-PCR assays and transcriptome analysis, we confirmed that PmRLKs32 was highly expressed in pine wood nematode-resistant individuals in response to nematode inoculation. Transient transformation with PmRLKs32 revealed the accumulation of callose and ROS in the needles of P. massoniana. Hydrogen peroxide may activate the jasmonate pathway as a signal molecule, thereby enhancing plant resistance. The results further implicate PmRLKs32 involvement in the defense regulatory network of plants. In addition, the present findings provide new insights into the function of RLK genes and provide a basis for resistance breeding and further study of the defense regulatory network in P. massoniana.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Author contributions

ZN: Conceptualization, methodology, software, experiment, investigation, data analysis, and writing—original draft; WL: data curation and writing—original draft; LD: experiment and data analysis; KG: visualization, writing—review and editing, resources, and supervision; QL: software and validation; ZZ: funding acquisition and supervision. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Zhejiang Science and Technology Program (2020C02007), the National Natural Science Foundation of China (31470670), the Zhejiang Science and Technology Major Program on Agricultural New Variety Breeding (2021C02070-5-2), and Forestry Science and Technology Innovation Special Project of Jiangxi Forestry Bureau (2021, no. 13).



Acknowledgments

We are deeply grateful to our supervisor for his constant encouragement and also indebted to all the other tutors and teachers for their direct and indirect help for us.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.1043261/full#supplementary-material



References

 Abdul Malik, N. A., Kumar, I. S., and Nadarajah, K. (2020). Elicitor and receptor molecules: Orchestrators of plant defense and immunity. Int. J. Mol. Sci. 21, 963. doi: 10.3390/ijms21030963

 Albert, I., Hua, C., Nürnberger, T., Pruitt, R. N., and Zhang, L. (2019). Surface sensor systems in plant Immunity[OPEN]. Plant Physiol. 182, 1582–1596. doi: 10.1104/pp.19.01299

 Bi, G., Su, M., Li, N., Liang, Y., Dang, S., Xu, J., et al. (2021). The ZAR1 resistosome is a calcium-permeable channel triggering plant immune signaling. Cell 184, 3528–41. e12. doi: 10.1016/j.cell.2021.05.003

 Chakraborty, S., Nguyen, B., Wasti, S. D., and Xu, G. (2019). Plant leucine-rich repeat receptor kinase (LRR-RK): Structure, ligand perception, and activation mechanism. Molecules 24, 3081. doi: 10.3390/molecules24173081

 Chen, C., Chen, H., Zhang, Y., Thomas, H. R., Frank, M. H., He, Y., et al. (2020). TBtools: An integrative toolkit developed for interactive analyses of big biological data. Mol. Plant 13, 1194–1202. doi: 10.1016/j.molp.2020.06.009

 Chinchilla, D., Bauer, Z., Regenass, M., Boller, T., and Felix, G. (2006). The arabidopsis receptor kinase FLS2 binds flg22 and determines the specificity of flagellin perception. Plant Cell 18, 465–476. doi: 10.1105/tpc.105.036574

 Hanemian, M., Barlet, X., Sorin, C., Yadeta, K. A., Keller, H., Favery, B., et al. (2016). Arabidopsis CLAVATA 1 and CLAVATA 2 receptors contribute to ralstonia solanacearum pathogenicity through a miR169-dependent pathway. New Phytol. 211, 502–515. doi: 10.1111/nph.13913

 Hao, G., Pitino, M., Duan, Y., and Stover, E. (2016). Reduced susceptibility to xanthomonas citri in transgenic citrus expressing the FLS2 receptor from Nicotiana benthamiana. Mol. Plant-Microbe Interact. 29, 132–142. doi: 10.1094/MPMI-09-15-0211-R

 He, Y., Zhou, J., Shan, L., and Meng, X. (2018). Plant cell surface receptor-mediated signaling – a common theme amid diversity. J. Cell Sci. 131(2):jcs209353. doi: 10.1242/jcs.209353

 Huang, C., Zhang, R., Gui, J., Zhong, Y., and Li, L. (2018). The receptor-like kinase AtVRLK1 regulates secondary cell wall thickening. Plant Physiol. 177, 671–683. doi: 10.1104/pp.17.01279

 Lin, X., Armstrong, M., Baker, K., Wouters, D., Visser, R. G., Wolters, P. J., et al. (2020). RLP/K enrichment sequencing; A novel method to identify receptor-like protein (RLP) and receptor-like kinase (RLK) genes. New Phytol. 227, 1264–1276. doi: 10.1111/nph.16608

 Liu, B., Liu, Q., Zhou, Z., Yin, H., Xie, Y., and Wei, Y. (2021). Two terpene synthases in resistant Pinus massoniana contribute to defence against Bursaphelenchus xylophilus. Plant Cell Environ. 44, 257–274. doi: 10.1111/pce.13873

 Liu, Q., Wei, Y., Xu, L., Hao, Y., Chen, X., and Zhou, Z. (2017). Transcriptomic profiling reveals differentially expressed genes associated with pine wood nematode resistance in masson pine (Pinus massoniana lamb.). Sci. Rep. 7, 1–14. doi: 10.1038/s41598-017-04944-7

 Naveed, Z. A., Wei, X., Chen, J., Mubeen, H., and Ali, G. S. (2020). The PTI to ETI continuum in phytophthora-plant interactions. Front. Plant Sci. 11, 593905. doi: 10.3389/fpls.2020.593905

 Ngou, B. P. M., Ahn, H.-K., Ding, P., and Jones, J. D. (2021). Mutual potentiation of plant immunity by cell-surface and intracellular receptors. Nature 592, 110–115. doi: 10.1038/s41586-021-03315-7

 Oehlenschlæger, C. B., Gersby, L. B., Ahsan, N., Pedersen, J. T., Kristensen, A., Solakova, T. V., et al. (2017). Activation of the LRR receptor-like kinase PSY1R requires transphosphorylation of residues in the activation loop. Front. Plant Sci. 8, 2005. doi: 10.3389/fpls.2017.02005

 Pan, L., Lv, S., Yang, N., Lv, Y., Liu, Z., Wu, J., et al. (2016). The multifunction of CLAVATA2 in plant development and immunity. Front. Plant Sci. 7, 1573. doi: 10.3389/fpls.2016.01573

 Peng, H.-C., and Kaloshian, I. (2014). The tomato leucine-rich repeat receptor-like kinases SlSERK3A and SlSERK3B have overlapping functions in bacterial and nematode innate immunity. PloS One 9, e93302. doi: 10.1371/journal.pone.0093302

 Pruitt, R. N., Locci, F., Wanke, F., Zhang, L., Saile, S. C., Joe, A., et al. (2021). The EDS1–PAD4–ADR1 node mediates arabidopsis pattern-triggered immunity. Nature 598, 495–499. doi: 10.1038/s41586-021-03829-0

 Tarfeen, N., Nisa, Q., and Kahlief, K. (2022). “Antioxidant defense system in plants against biotic stress,” in Antioxidant defense in plants (Singapore: Springer), 383–395.

 Tian, H., Wu, Z., Chen, S., Ao, K., Huang, W., Yaghmaiean, H., et al. (2021). Activation of TIR signalling boosts pattern-triggered immunity. Nature 598, 500–503. doi: 10.1038/s41586-021-03987-1

 Xi, L., Wu, X. N., Gilbert, M., and Schulze, W. X. (2019). Classification and interactions of LRR receptors and co-receptors within the arabidopsis plasma membrane–an overview. Front. Plant Sci. 10, 472. doi: 10.3389/fpls.2019.00472

 Ye, M., Glauser, G., Lou, Y., Erb, M., and Hu, L. (2019). Molecular dissection of early defense signaling underlying volatile-mediated defense regulation and herbivore resistance in rice. Plant Cell 31, 687–698. doi: 10.1105/tpc.18.00569

 Yuan, M., Jiang, Z., Bi, G., Nomura, K., Liu, M., Wang, Y., et al. (2021a). Pattern-recognition receptors are required for NLR-mediated plant immunity. Nature 592, 105–109. doi: 10.1038/s41586-021-03316-6

 Yuan, M., Ngou, B. P. M., Ding, P., and Xin, X.-F. (2021b). PTI-ETI crosstalk: an integrative view of plant immunity. Curr. Opin. Plant Biol. 62, 102030. doi: 10.1016/j.pbi.2021.102030

 Zhao, Y., Wu, G., Shi, H., and Tang, D. (2019). RECEPTOR-LIKE KINASE 902 associates with and phosphorylates BRASSINOSTEROID-SIGNALING KINASE1 to regulate plant immunity. Mol. Plant 12, 59–70. doi: 10.1016/j.molp.2018.10.008

 Zhou, B., and Zeng, L. (2018). The tomato U-box type E3 ligase PUB13 acts with group III ubiquitin E2 enzymes to modulate FLS2-mediated immune signaling. Front. Plant Sci. 9, 615. doi: 10.3389/fpls.2018.00615


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Nie, Li, Deng, Gao, Liu and Zhou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-13-1043261-g002.jpg
BT e PmRLKS109
A0 Y PmRLKs7
B B PmRLKs23
B PmRLKs147
------ PmMRLKs34
" BB PmRLKs100
B B PrRLKs22

L]
[ [ ) ||

NN ]
HEE BT e PmRLKs130
i HE ]  PMRLKs157
T PmMRLKs14
[ - [ 1 0 B PmRLKs 151
] N RN PmRLKs41

-------i-- BN B PmRLKs114
HEEENE Nl e PmRLKs111
HEEE e PmRLKs31
HEN e e PmRLKs4
N N N O 0 e PMRLKs178
IEREEEEE 7 N N PmRLKs181
----------- PN PmRLKs 124
-----------==-== PMRLKs13
PMRLKs32
[ [ PMRLKS65
HEE EEaTS - PMRLKs20
[ | | | I PMRLKs29
:\@c'\% NJTOIN '\%00666






OEBPS/Images/fpls-13-1043261-g004.jpg
A Sacl BamH I Sac I BamH I

EESp TN 55) INEGEPI

35S: GFP 35S: GFP-PmRLKs32

B GFP Chloroplast Bright Merge

©
b3
17

5:GFP

::GFP-PmRLKs32






OEBPS/Images/fpls-13-1043261-g006.jpg
NBT staining
= WT 35S:PmRLKs32

\
|
J | ! l Imm
-

Pinus massoniana

Tobacco






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Comprehensive analysis of LRR-RLKs and key gene identification in Pinus massoniana resistant to pine wood nematode

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Identification of LRR-RLK family members

          



          		

            Sequence analysis and phylogenetic analysis

          



          		

            Plant material and treatments

          



          		

            RNA extraction and quantitative real-time reverse transcription PCR

          



          		

            Subcellular localization assay

          



          		

            Transient transformation

          



        



        



        		

          Results

        

          		

            Verification of LRR-RLK genes in P. massoniana

          



          		

            Motifs and phylogenetic analysis of LRR-RLK proteins

          



          		

            Transcriptome analysis of P. massoniana

          



          		

            Analysis of subcellular localization of PmRLKs32

          



          		

            Transient transformation with PmRLKs32

          



        



        



        		

          Discussion

        



        		

          Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-13-1043261-g001.jpg
NN

NRRRN

i

;
E

Group

[7] LRRI Il VAGTVGYJAPEYAYTQKLTEKSDVYSFGV

[7] tRRUC [I] HRDVKSSNILLDEBFEARVSDFGLAK
LRRII  [[] RRPLDWPTRLKIALGAARGLAYLHHGCSP

[ trr1v ] LLVYEYMPNGSLADLLHG

[7] tRrvIL  [] SLQVLDLSSNSLSGSIPSSLGNLTNLKYLDLSNNNLSGEIP

[ tRRvil [l EMLEALKIALLCTAPSPSKRPTMSEVVKM

[T tRex [l GRIRHRNLVPLLGYC

[7] tRrxt [l NVIGKGGFGTVYKAVLPDGSV

] tRrxi [l LTVLDLSSNSLTGSIPSEJGNLTNLQELDLSNNSLSGSIP
LRRXII  [7] LGNLKKLQYLDLSNNSLSGEIPSEJGNLTSLRTLDLSNNQLTGPIPPELG

LRR XIV

#





OEBPS/Images/fpls.2022.1043261_cover.jpg
& frontiers | Frontiers in Plant Science

Comprehensive analysis of
LRR-RLKs and key gene
identification in Pinus
massoniana resistant to pine
wood nematode





OEBPS/Images/fpls-13-1043261-g003.jpg
o
-

PmRLKs23

S oq e e 2 W
a =~ e o -

19491 uo1ssaadxa AN RPY

PmRLKs13

£ (=4
s =

[9AI[ uo1ss2dxd dAnEPY

PmRLKs4

b = ot = o
- = = s s

[9A3] uoIssaadxa AnePy

*k

15d
PmRLKs1

1d

0d

[9A9] u01ss31dxXa dAnEPY

® 2 % N
= e =

X ade
S & 8 & &

[9A9] uoissaadxa danePY

[9A3] uo1ss3.1dxa 2ANB[Y

[949] 0Iss2.1dXd dANEY

19A9] uoissaadxa aanePYy

PmRLKSs34

PmRLKSs32

PmRLKs31

PmRLKs29

©n

<
&

[9A9] UoIssaIdXa dAnB[Y

w 2
& 3

w
s

[9A9] uotssadXd dAnRPY

———\\ T T
w©
=

*®
=

[9A9] uoissaadxa danepPy

[949] uotssa.1dxa dAnBRY

PmRLKs93

PmRLKs73

PmRLKSs65

PmRLKSs39

™ A\
] ® e - ~
& - =

19491 uo1ssaadxa dApePY

L 2 w
- - S

[9A9] uoIs$a.IdXa dANRIY

0.0

1d 15d 30d

PmRLKs106

od

+ a N -

[9A9] U0ISSAIdXa dATIR[Y

[9A9[ uossaadxd dAnePY

30d

15d

id

od

15d

1d

30d

PmRLKs141

0d

PmRLKs124

PmRLKs9%4

& o

—r T\
w 2 n 2 @ w e w o
v o F 8 = =

[9A9] uoIssaxdxa aane[ay

T T\ T T

e £ L] ~ -

[9A9] U0ISSAIAXa ALY

=2 *® =} X
= < S s

L
s

[9A9] uo1ssa1dxa dAnRPY

=3
s

id 15d 30d

od

30d

5d

1

1d

od

1d 15d 30d

PmRLKs148

0d

PmRLKs159

PmRLKSs153

PmRLKs147

[9A9] uoIssaxdxa aAneYy

[9A9] uoIssaIdxa dAne[Y

PmRLKs181

PmRLKs174





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-13-1043261-g005.jpg
Relative expression level

280

275

270

265

260

258

10

W

I 35S:PmRLKs32

PmRLKs32 PmMPK9 PmMMKI1 PmSERKI1

PmMPK





OEBPS/Images/table1.jpg
Subgroup

LRR I
LRR IT
LRR 111
LRR IV
LRR V
LRR VI
LRR VII
LRR VII
LRR IX
LRR X
LRR XI
LRR XII
LRR XIII
LRR XIV

P. massoniana

ISR N

Y]

46
51

Number of genes

A. thaliana

46
14
44
3
9
11
9
21
4
16
41





